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THE PRENATAL GROWTH OF THE CAT. 
IX. THE PONDERAL GROWTH OF THE 
HYPOPHYSIS, THYROID, THYMUS AND 
SUPRARENAL GLANDS 
HOMER canis 
Departmen: of Anatomy, University of Kansas 
(Received August 7, 1939) 


The growth in weight of the various endocrine glands has not 


received anywhere near as much attention in recent years as have the 


functions of these glands. The growth changes in these glands have 
been studied most in man and in the rat. A careful search of the litera- 
ture has revealed no data on either the prenatal or the postnatal growth 
of these glands in the cat. 

This paper will show the growth in weight of each of the above 
glands with reference to body weight and to body length. The per- 
centage weight of each gland with reference to the total body weight 
will be given and the absolute and percentage weights of these glands in 
the adult male cat will be included for reference. 


MATERIALS AND METHODS 

The four endocrine glands were removed from 229 fetal and 35 new- 
born kittens ranging in body weight from 0.300 to 197.3 grams. This 
material has been described in the first paper of this series (Latimer 
and Aikman, ’31) and will not be restated here. There were 104 adult 
cats used and these likewise have been described in an earlier paper 
(Latimer, °36). The fetal and newborn cats were preserved in 
formalin before dissection and the weighing of the glands, but the 
glands of the adult cats were removed and weighed in the fresh state. 
In all other respects both series of cats were treated in the same manner 
and the removal of the glands and all of the weighing was done by the 
Same person and in the same manner. The formulae from which the 
curves in the figures were drawn were developed as in the earlier num- 
bers of this series (Latimer, ’33). 

Fach gland, or pair of glands, was carefully removed as free of all 
vessels and adjacent connective tissue as possible and kept in a moist 
chamber until weighed in a glass stoppered weighing bottle on a 
chemical balance sensitive to 0.1 milligram. The stalk of the 
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hypophysis was cut close to the dorsal surface of the gland. The 
weights of the larger glands were taken to the closest milligram and 
only the smaller glands were weighed to a tenth of a milligram. 


HYPOPHYSIS 
The growth in weight of the hypophysis plotted on body weight is 
shown as the curve starting to the left and convex superiorly in figure 
1. The weights of the individual hypophyses are shown as circles for 
the fetuses and as double circles for the newborn cats. This curve was 
drawn from the formula, 


- Y= 1.6(0.1X)"+4+0.1 


In this formula Y represents the weight of the hypophysis in milli- 
5 : ; 
grams and X, the body weight in grams. This formula may be used 
from 0.6 to 190 grams of body weight, and within this range the 
a ; 5 5 
average percentage deviation of the calculated from the observed values 
for each ten grams increase in body weight is 6.21 per cent. 
5 ; 5 

The weights of the hypophyses plotted on body length are shown by 
the curve concave superiorly and with the cases shown as dots for the 
fetal cats and the newborn hypophyses shown as dots enclosed by a 
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Fig. 1. The curve convex superiorly and with the weights of the individual hypophyses 
shown as circles for the fetal cats and as double circles for the newborn cats gives the 
growth of the hypophysis plotted on body weight. The curve concave superiorly and with 
the cases shown as dots for the fetal and dots enclosed by circles for the newborn hypo- 
physes, gives the growth of the hypophysis plotted on body length. Empirical formulae 
for both of these curves are given in the text. The lighter line without any cases represents 
the percentage weight. The shorter column at the right represents the average percentage 
weight of the adult male hypophysis and the taller broken column the average weight of 
the adult male hypophysis. 
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circle. Between 30 and 200 millimeters of body length the formula for 


this curve is, 
._ (0.1X)* 





+ 0.017X% 


In this formula Y represents the weight of the hypophysis in milli- 
grams and X, the body length in millimeters. The average percentage 
deviation of the calculated from the observed values for each ten milli- 
meters increase in body weight is 9.05 per cent. 

The lighter line in this figure, starting at the left and dropping 
rapidly at first, represents the weight of the hypophysis as a percentage 
of the total body weight. In making this and the three following 
percentage curves the percentage weights of each gland or pair of 
glands was plotted on a preliminary sheet. The averages for each ten 
grams increase in body weight were determined and a smoothed curve 
drawn through these averages. Then this curve without any of the 
individual cases was transferred to the figure as shown here. The 
relative weight of the hypophysis decreases rapidly at first and then 
much more slowly up to the time of birth and its percentage of the body 
weight in the adult male is still a little lower as shown by the shorter 
column at the right of the figure. This percentage for the hypophysis 
in the adult male averages 0.00136. The taller broken column at the 
right represents the average weight of the adult male hypophysis as 
0.036 grams. 

Covell (’27) has described the growth of the human hypophysis and 
his curve and formulae are very similar to these for the growth cf the 
cat hypophysis plotted on body length. He finds that the human hypo- 
physis follows the same type of growth as found for the volumes of the 
eyeball, mid-brain and spinal cord. In the cat, the growth of the 
hypophysis plotted on body length resembles that of the brain, and its 
divisions, the spinal cord and the eyeballs, but its percentage curve 
resembles most nearly that of the cord ( Latimer, '38). 

In general the cat hypophysis decreases in percentage of the body 
weight, rapidly at first and then more slowly throughout the fetal 
period and in the adult it forms a slightly smaller percentage than in 
the newborn. It forms a curve concave superiorly when plotted on body 
length and convex superiorly when plotted on body weight. The 
empirical formulae for these two curves fit the material fairly well as 
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both formulae have average deviations from the observed values of less 
than ten per cent. The hypophysis increases in weight eleven times 
during the fetal period and a little over six times during postnatal 
development. These are the smallest increases of any of these endo- 
crine glands, in both the fetal and in the postnatal periods. 


THYROID 
The curve starting at the extreme left in figure 2 and with the cases 

shown as circles for the fetal thyroids and as double circles for the 
thyroids of the newborn cats represents the growth of the thyroid with 
reference to body weight. The formula from which this curve was 
drawn from 4 to 40 grams of body weight is, 

Y = X°’ + 0.24X -- 0.853, and from 40 to 200 grams, 

Y = 0.17(X—40) + 15.072. 
In both of these formulae Y represents the weight of the thyroid gland 
in milligrams and X, the body weight in grams. The average per- 
centage deviation of the calculated from the observed values is 8.06 per 
cent. 
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Fig 2. The curve starting at the left and with the circles and double circles representing 
the weights in milligrams of the fetal and newborn thyroid glands respectively shows the 
growth of the thyroid on body weight. The curve concave superiorly, and with the dots and 
the dots enclosed by circles representing the fetal and newborn thyroids respectively, shows 
the growth of the thyroid plotted on body length. Empirical formulae from which both curves 
were drawn are given in the text. The changes in percentage weight of the thyroid are 
shown in the lighter line without any cases. The average percentage of the adult maie 
thyroid is shown by the shorter column at the right and the taller broken column represents 
the average weight of the adult male thyroid gland. 
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The thyroid plotted on body length is represented by the curve con- 
cave superiorly and with the cases shown as dots for the fetal cats and 
dots enclosed by a circle for the newborn cats. The formula from 40 
to 200 millimeters of body length is, 


y 3 
y =918)" . 9 06x —2.408. 
260 


In this formula Y represents the weight of the thyroid in milligrams 
and X, the body length in millimeters. This formula fits the cases 
slightly better than that for the body weight for the average percentage 
deviation is 7.45 per cent. 

The percentage of the thyroid relative to the body weight is shown 
by the lighter line without any cases, starting at the left and decreasing 
rather rapidly at first and then more slowly to a little above 0.02 per 
cent in the newborn cats. The shorter column at the right represents 
the percentage of the thyroid in the adult male cat or 0.0084 per cent. 
As in the other figures the taller broken column gives the average 
weight of the adult male thyroid gland. The percentage curves in 
figures 1 and 2 start at about the same level but the hypophysis de- 
creases much more rapidly in its percentage of the body weight, and 
forms a smaller percentage in the late fetal and in the adult cats. The 
percentage weight of the human thyroid according to Jackson ('09) 
increases during the fetal period and his figures show that the gland 
is relatively heavier throughout the entire fetal period and in the new- 
born than are the thyroid glands of the cat. Wetzel (°36) has shown 
postnatal growth curves of the human thyroid from several workers all 
combined on one chart and they show a marked variation due possibly 
to the regions from which the material was collected. 

Briefly the thyroid of the fetal cat is relatively heaviest in the small- 
est fetuses, decreasing rapidly in percentage weight at first and then 
more slowly to birth. Its percentage of the body weight is still less, or 
0.008 per cent in the adult male cat. The thyroid is the smallest of 
these endrocrine glands in the early fetuses and next to the heaviest in 
weight in the late fetal period. The weight of the thyroid gland in- 
creases a little over 57 times during the fetal period and about eight 
times in postnatal life. 


THYMUS 


The curves representing the growth of the thymus on body weight 
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Fig. 3. The curve concave superiorly and starting at the left and with the circles and 
double circles used as in preceding figures represents the growth in weight of the thymus 
plo:ted on body weight. The curve concave superiorly and starting farther to the right 
represents the increase in weight of the thymus plotted on body length. Empirical formulae 
are given for both of these curves in the text. The lighter line without any cases repre- 
sents the increase in percentage of the thymus on body weight. 
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and on body length are shown in figure 3. The arrangement is 
the same as in the two preceding figures. The formula for the weight 
of the thymus from 0.6 to 50 grams of body weight is, 
Y = 0.00056( X*”) + 0.00024, and from 50 to 120 grams, 
Y = 0.00535 (X — 50) + 0.1982. 
In both of these formulae Y represents the weight of the thymus in 
grams and X, the body weight also in grams. The fit of these two 
curves is good, for the average percentage deviation of the calculated 
from the observed averages for each ten grams increasé in body weight 
is but 3.47 per cent. 
The formula for the weight of the thymus on body length from 80 


to 180 mm. of body length is, , 
0.1X )** 
Y= lov —0.0196. 
97000 


In this formula Y represents the weight of the thymus in grams and X, 
the body length in millimeters. This curve is a good fit although the 
average deviation of 4.38 per cent is a little larger than that for the 
curve of the thymus weight on body weight. 

The lighter line without any cases represents the weights of the 
thymus as percentages of the body weight and plotted on body weight. 
This is the only one of the percentage curves for these endocrine glands 
which increases in the fetal period. The curve of thymus weight on 
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body weight is the only one of these curves plotted on body weight 
which is concave superiorly and the curve on body length is more con- 
cave than the others, or the growth of the thymus in the early part of 
the fetal period is much slower than that of the other three glands. The 
weights of the thymus on body length were so irregular in the smaller 
specimens that it was impossible to fit a formula satisfactorily to this 
part of the growth. No data are given for the adult thymus of course 
and unfortunately there are no known data for the postnatal growth of 
the cat thymus. 


Scammon (’27) shows the growth of the human thymus as a curve 
concave superiorly and with an exponent slightly greater than that in 
the formula for the cat thymus on body length. His curve for the 
thymus weight on body weight is a straight line throughout the entire 
period while for the cat, only the last 70 millimeters’ increase is a 
straight line while the initial part is slightly concave superiorly. More 
recently Boyd (’32) has reviewed the literature and compiled the data 
on the prenatal and postnatal changes in the human thymus. The cat 
thymus increases from 0.54 mgm. to 572.7 mgm. or about 1060 times 
which is less than the increase in the weights given by Hammar (’26) 
for the human thymus in the fetal period. 


The thymus is the only one of these endocrine organs which increases 
in its percentage of the body weight during the fetal period. It is very 
slightly heavier than the hypophysis and the thyroid at the beginning 
of the fetal period and the heaviest one of the four glands in the late 
fetal period. It is nearly 20 times heavier than the thyroid which is 
second heaviest in the late fetuses. The cases representing the 
newborn cats are definitely below the curves for both body weight and 
body length (fig. 3) suggesting an involution of the thymus at time of 
birth or immediately after birth. 


SUPRARENALS 
The growth of the suprarenal glands is shown plotted on both body 
weight and body length in figure 4. The arrangement is the same as 
in figs. 1 and 2. From 0.6 to 40 grams of body weight the curve was 
drawn from the formula, 
Y = X°*° + 0.25X + 0.568, and from 40 to 120 grams, 
Y = 0.099(X — 40) + 16.893. 
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In both of these formulae Y represents the weight of the pairs of supra- 
renal glands in milligrams and X, the body weight in grams. The 
average percentage difference between the calculated and 
the observed averages for each ten grams increase in body weight is 5.08 
per cent. 
The formula from which the curve from 40 to 110 millimeters of 
body length was drawn is, 
Y = 0.1(0.1X)? + 0.038X — 2.332, and from 110 to 180 mm., 
Y = (0.1X)°° + 0.097X. 
In these two formulae Y represents the weight of the pairs of supra- 
renal glands in milligrams and X, the body length in millimeters. The 
average percentage difference of the calculated from the observed 
averages for each ten millimeters of body length is 4.99 per cent. 
The lighter curve, decreasing rapidly at first and then more slowly, 
represents the weights of the suprarenals as percentages of the body 
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Fig. 4. The curve starting at the left represents the weights of the pairs of suprarenal 
glands plotted on body weight. The curve starting farther to the right shows the increase 
in the weight of the pairs of suprarenals plotted on body length. The circles and dots are 
used as in the first figure. The empirical formulae from which these curves were drawn 
are given in the text. The lighter line, without any cases shown, represents the percent- 
ages of the pairs of suprarenals plotted on body weight. The shorter column at the right 
represents the percentage weight of the adult male suprarenal glands and the taller broken 
column the weight of the adult male suprarenals. 
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weight and plotted on body weight. The percentage values are shown 
at the right and the shorter column at the right represents the average 
percentage weight of the adult male suprarenals or 0.014 per cent. 

Scammon (’26) gives a rectilinear formula for the prenatal growth 
of the human suprarenal glands plotted on body weight with a decrease 
immediately following birth. In figure 4 there is a very evident in- 
crease in the weights of the suprarenals of the newborn cats and_ the 
first part of the curve is curvilinear and only that from 40 grams of 
body weight on is rectilinear. Unfortunately we have no data on the 
postnatal changes in the cat. The suprarenals, according to Scammon 
(’33), form about 0.46 per cent of the body weight from the fourth fetal 
month until birth but in the cat they decrease from about 0.16 to 0.032 
per cent in the fetal period and in the adult they form 0.2 per cent in 
man and but 0.014 per cent in the adult male cat, or in man they are 
relatively about 14 times larger. 

In general the weights of the pairs of suprarenal glands become 
relatively lighter during the fetal period and are somewhat lighter 
relatively in the adult cat. There seems to be a slight increase in 
weight just preceding the time of birth. The suprarenal glands increase 
25 times in weight during fetal growth and about 16 times in postnatal 
life. This is the largest increase in postnatal life of any of these 
endocrine glands, and next to the smallest increase in the fetal period. 
The hypophysis increases the least. 


SUMMARY 

Empirical formulae are given whereby the weights of the hypophysis, 
thyroid, thymus and the pairs of the suprarenal glands may be deter- 
mined from either the body weight or the body length. The average 
deviation of the calculated from the observed values for these formulae 
ranges from 3.47 to 9.05 per cent. 

The growth rates of the hypophysis, thyroid, and the suprarenals are 
most rapid at first and all tend to become slower with increasing body 
weight. The thymus alone increases in its rate of growth with increase 
in body weight. When plotted on body length, all but the suprarenals 
increase their rate of growth with increase in body length. 

The percentage weights of the hypophysis, thyroid and the supra- 
renals decrease from their maximum at the beginning of the fetal 
period and all are still lighter relatively in the adult. The thymus 
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alone increases in its relative weight with increasing body weight in the 


fetal period. 

The average percentage weight and the average absolute weight of 
the adult male glands for all but the thymus are shown in the figures 
for comparison. 
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A STUDY OF RELATIVE GROWTH IN 
NOTONECTA UNDULATA 


By 
L. B. CLARK 
Union College 
AND 


A. H. HERSH 


Western Reserve University 


(Received August 8, 1939) 


In the study of ontogenetic relative growth the attempt is made to 
ascertain the character of the growth equilibrium between a part and 
the whole organism or between one part and some other part or parts 
with the aim of describing the pattern of growth distribution. In some 
way the growth pattern is an expression of the functional connections 
by which the whole steers the parts and the parts contribute to the whole. 
Huxley (1932) gives a discussion of the importance of relative growth 
studies and a summary of the results obtained up to the time of writing 
in ‘Problems of Relative Growth”. After a description of the growth 
pattern is in hand and even before it may be in any sense considered 
complete the results should point to further investigation leading to an 
understanding of the physiological mechanism involved in its produc- 
tion. Needless to say that up to the present time there is not a single 
species for which the growth pattern has been mapped with any high 
degree of completeness. For even the best known examples only a 
relatively few strands of the entire pattern have been investigated. 

For most studies on relative growth the data have been collected from 
specimens, gathered more or less at random, which have been seriated 
into groups accoraing to size and then the average measurements of the 
standard (x) and the part (y) in the different size classes have been used 
for testing the conformity of the data to the relative growth function 

y= b=" 
and for estimating the numerical values of the constants: 6, the initial 
growth-index and 4, the equilibrium constant. 

The assumption, implicit in the application of the function to data 
of the sort mentioned, is that differences in size correspond to differ- 
ences in developmental stage and age. But since an animal of larger 
size is often younger than one of smaller size and may be in a different 
developmental stage the conclusions drawn on the basis of the assump- 
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tion may be misleading. In these cases the values of 4 and #& can 
perhaps be considered only as proportional to the true ontogenetic values 
of these constants. At any rate it has neter been shown that the values 
determined from data ofthe sort mentioned are valid estimates of the 
true values of these constants. 


Sometimes data are gathered from animals of known difference in 
age, but the animals must be sacrificed in gathering the data,—at least 
for some measurements,—and so again the data fall short of what is 
most desirable. In these cases it is tacitly assumed that the older ani- 
mals are what those sacrificed at any younger age would have become 
had they been allowed to live. No doubt this assumption leads to no 


great error in the average, especially if the stock is genetically homo- 
geneous and has been raised in an adequately controlled environment; 
yet is is true, nevertheless, that age and developmental stage do not 
coincide exactly. Furthermore, it is likely that the animals, which are 
sacrificed for the sake of the data, include some which would have died 
from internal causes. And it needs to be shown whether animals that 
die prematurely from internal causes do or do not differ in the nature 
of their growth pattern from those that live to complete their develop- 
ment. 


It is no doubt generally agreed that the most desirable data for 
growth studies consist of measurements taken at comparable develop- 
mental stages on a séries of individuals which have been followed 
separately through their period of development. Data of this sort are 
not the easiest to obtain, but clearly, they are the most valuable. They 
allow one to determine the nature of the growth equilibrium in the sepa- 
rate individuals making up the population as well as for the average of 
the group. But the main point is that the numerical values of the 
constants 6 and & obtained from such data are estimates of the true 
ontogenetic values of these constants, provided of course that the data 
conform to the relative growth equation. Data gathered in this way 
also allow a test to be made of the proposition that the individuals 
dying from internal causes during development differ in growth 
pattern from those that live to complete their development. 

Favorable organisms for obtaining such data most readily are hemi- 
metabolous insects and similar animals with incomplete metamorphosis 
or with instars which mark off comparable stages. The present paper 
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undertakes, from the standpoint of relative growth, to analyze and 
interpret a set of data on the hemipteran Notonecta undulata. The 
data consist of measurements taken at comparable stages,—the in- 
stars,—on a series of individuals which were followed through their 
development from egg to adult. 

The results show that the length of the various bodily dimensions is 
very roughly an exponential function of time by instars. The length 
of the parts relative to body-length conform approximately to the rela- 
tive growth function. The constants descriptive of the equilibrium 
between leg-length and body-length indicate an antero-posterior gradi- 
ent in the thorax for the average individual. But when the individuals 
are examined separately it is found that while about one-half show an 
antero-posterior gradient, the others show a gradient highest in the 
middle, i. e., in these animals, the second leg has the highest value of 
k&. By ascertaining the growth equilibrium within the legs it was found 
that the dominant growth center for the first leg is in the tibia and for 
the other legs it is the femur. 

The several determinations of 6 and & allow one to test what the re- 
lation is between these parameters. It is found in all cases that 6 is a 
decreasing function of &. While the exact form of the function is un- 
certain there is no doubt that 4 and & show a quite definite relation. An 
attempt is made to interpret the results in terms of growth centers and 
growth gradients. 


BIOLOGY AND LIFE HISTORY.—METHODS 

During the course of an investigation (Clark, 1928) on the biology 
and ecology of Notonecta undulata, opportunity presented itself for 
taking a series of measurements of the eggs and each stage of the de- 
veloping individuals. This form was chosen for a study of relative 
growth because it is a rather specialized form showing a large increase 
in the length of the third pair of legs, an adaptation for swimming 
while the other two pairs remain short and prehensile and increase in 
size is by well defined steps. 

Bueno 1905, Essenberg 1915 and Hungerford 1917, 1919 have writ- 
ten at length of behavior, ecology and life history. Notonecta undulata 
ranges from Quebec to Florida and from California to British Colum- 
bia. They are common to almost any quiet pool or pond that supports 
a population of ostracods or Entomostraca, hanging head down from 
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the surface film, with the-long hind legs forward ready to dart after 
passing prey or feed upon insects entangled in the surface film. Thev 
migrate readily and invade small temporary pools in the spring leaving 
them as they dry up. They overwinter as adults, remaining active even 
after the surface of the water is frozen. In the region of Winnipeg, 
Canada, they hibernate in mud and trash at the bottom of permanent 
pools. 

As Hungerford says, (1919) “mating takes place with the first warm 
days of spring and as with other water insects takes place beneath the 
surface.” Mating pairs have been observed in copula for over three 
hours and females will copulate between batches of eggs. One female 
will mate successively with two or more males. 

Eggs are attached to vegetation, or any object that lies submerged. 
In the laboratory, eggs were laid on the undersurface of nearly any 
floating or submerged object, on the walls of the aquarium and upon 
stones on the bottom. The eggs are white when laid and hatch from 
3 to 14 days, depending upon the temperature. Hungerford (1917) 
was the first to succeed in raising the species from egg to adult and his 
account is full and accurate. As in all Hemiptera, metamorphosis is 
incomplete with five nymphal instars. 

For gathering the data for this paper the methods used were quite 
simple. Ten females were caught and placed in individual aquaria 
with some sodden leaves. After each batch of eggs were laid they were 
measured and placed in a separate compartment of a fine mesh tray 
made of fine bronze wire screening. Each such tray consisted of 16 
separate cells. They were floated in water in a sheltered part of the bay 
of the lake at Minaki, Ontario, Canada. Towings from the lake and 
surrounding ponds were made daily and supplied to the trays. The 
food consisting mainly of ostracods and Daphnia was at all times ade- 
quate. . Environmental conditions may be regarded as fairly uniform 
because of the stabilizing effect of the large body of water. 


Examinations were made daily. For making the measurements the 
insects were narcotized with chloral hydrate, ether or cooled by adding 
ice to the water, and measurements taken with the aid of a micrometer 
eye piece. All micrometer units have been transformed to millimeters 


in the accompanying tables. The measurements were made 24 hours 


after an ecdysis. 
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From the ten females isolated in the manner described there were 
gathered a total of 231 eggs. Of these 107 were not able to survive the 
first 48 hours after hatching and are omitted from consideration. Of 
the remaining 124, 72 reached the adult stage ; 37 females and 35 males. 

At each of the five nymphal instars and also at the adult stage the 
following measurements were made in the manner described above: 
body-length, body-width, distance from synthlipsis to vertex, the length 
of the femur, tibia, and tarsus of the pro-, meso- and meta-thoracic legs. 
The coxa and trochanter were not measured because of the difficulty in 
getting a reasonably exact estimate of the length of these segments. 
But in any case these segments were so small that their inclusion makes 
a negligible addition to the total length of the leg as estimated from 
the sum of the lengths of femur, tibia and tarsus. 

Since 13 separate measurements were made on each individual at each 
of the six instars there is a total of 78 mzasurements for each specimen. 
Consequently the analysis based on the 72 individuals include a grand 
total of 5616 measurements. The measurements made on those that 
died sometime during development are not discussed in this paper. 

The constants in the relative growth equation were calculated by the 
v’-weight correction method outlined in Feldstein and Hersh (1935). 
GROWTH BY INSTARS 

Data on the average measurements of the animals which reached the 
adult stage are given in Tables I and I]. The data for the females 
(Table I) are also presented in semilogarithmic graphs in Figures ! 
and 2. Graphs for the data on males are quite similar to these presented 
for females. 

When the semilogarithmic graph is a straight line the data conform 
to the equation 

y= ae" 

in which y is the somatic dimension; ¢, the time in instars; e, the base 
of the system of natural logarithms; 7, the relative rate of change, gives 
the slope of the line; a is the value of y when ¢ = 0. On the graph, a is 
the y-intercept. While an exact biological meaning for a cannot be 
given, yet a difference in a is related to an original difference in the 
somatic measurements. The relation expressed in the equation is some- 
times called the “compound interest law’’. In terms of the analogy a is 
the amount of capital which increases at the percentage rate of com- 
pound interest given by 100r. 
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The results will be discussed briefly with regard to the females. In 
Figure 1 it can be seen that in all cases there is more or less departure 
from a straight line when the whole course of development is con- 
sidered. The relative rate of change is not constant over the whole 


period of development, but for some of the dimensions it is very nearly 


<o for several instars. Body-length increases at the rate of about 40% 








i in 1 rm 


1 2 3 5 6 
Fig. 1. The data of Table 1 for B. L., B. W., H. W., and S-V plotted semilogarith- 
mically against time in instars. 








per instar up to the third, and then the rate falls to approximately 30% 
per instar from the third to the adult instar. The lines for body-width 
and head-width are roughly parallel but neither shows the precise 
straight line relation required by strict conformity to the compound 
interest law. Head-width, for example, increases at the rate of nearly 
30% per instar up to the fifth and then the rate decreases sharply to 
about 11.5%. In other words the percentage rate of increase in head- 
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width has been practically constant up to the fifth instar, but at that 
time head-width has more nearly reached its final size than is true for 
the other dimensions which were measured. Body-width over the whole 
period of development increases at approximately the same rate as head- 
width does up to the fifth instar. This is shown in Figure 1 by the fact 
that the lines for head-width and body-width are roughly parallel to 
one another. For these dimensions the constant a differs as shown by 
the different level of the two curves. 

In Figure 1 the line of negative slope represents the data for the 
distance from synthlipsis to vertex, which decreases over the whole 
period of development. The decrease is at the rate of 9%. per instar up 
to the third; there is practically no change from the third to the fourth 
instar, and then there is a larger decrease of about 21% per instar up 
to the adult stage. The actual course of the decrease is given by the 
line in Figure 1. The progressively smaller size of this dimension as 
development proceeds recalls the decrease in head length in Diptera 
that results from the shrinkage of the ptilinum soon after emergence 
from the pupa case. 
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1 2 3 4 § 6 
Fig. 2. Average leg length, i. e., sum of the lengths of femur, tibia and tarsus of 

females (Table |) plotted semilogarithmically against time in instars. 
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In Figure 2 the data for the lengths of the first, second and third 
legs of the females are plotted semilogarithmically by instars in con- 
formity with the compound interest law. The closest approach to a 
straight line is given by the first leg. In this case the value of 7 in the 
exponential equation is about 0.35 up to the fifth instar. In other 
words, the first leg increases in length at the rate of about 35% per 
instar. This will serve as a basis of comparison for a larger or smaller 
rate of increase for the other legs throughout their development, as 
shown by the difference in slope of the lines in the figure. The second 
leg increases in length at the rate of nearly 32‘, per instar when the 
whole period of development is considered without regard to the devia- 
tions. A similar value for the third leg is about 28 per instar. It 
may be mentioned again that these values for the legs are for the sum 
of the lengths of the femur, tibia and tarsus. 

While the lines for the three legs are very roughly parallel they dif- 
fer markedly in respect to the constant a. This is indicated by the 
different level of the lines for the separate legs in Figure 2, and may be 
taken to mean that at the very beginning the amount of material allot- 
ted to the separate legs is greater for the third leg than for the second, 
and that for the second is greater than for the first leg. 

Similar data for the males ( Table I] ) conform to the same general 
relations that we have discussed for the females. There are, however, a 
sufficient number of small differences in size and in the relationships 
between the various dimensions to give a different pattern of growth 
in the two sexes,—a difference which is discussed below in connection 
vith the application of the relative growth equation to the data of Tables 
I and II. It may be said, furthermore, that although these data do not 
conform exactly to the compound interest law, yet there is an advantage 
in plotting them semilogarithmically in conformity with the law. The 
lines on such graphs show by the differences in slope the approximate 
percentage rate of change at any instar and such rough comparisons 
can be made at a glance from the graph. 

THE APPLICATION OF 
THE RELATIVE GROWTH FUNCTION 
If the data conformed exactly to the exponential function discussed 


in the previous section, then it can easily be shown that the data would 
also conform exactly to the power function 
y= bx" 
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which Huxley and Teissier (1936) have recently proposed to call the 
law of simple allometry. In this equation x is the body-length and y is 
in turn the body-width, head-width, distance from synthlipsis to vertex, 
length of the femur, tibia and tarsus of each leg, and the length of each 
leg as estimated from the sum of the lengths of the femur, tibia and 
tarsus. When x and y are plotted logarithmically 4, the equilibrium 
constant, is the slope of the line and 4, the initial growth-index, is the 


v-intercept. 
This equation was applied to the average values of the dimensions 
listed in the previous paragraph and for which the data are given in 


. 





® 
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Fig. 3. Body width, head width, length of 1st, 2nd and 3rd legs, and distance from 
synthlipsis to vertex (S) plotted logarithmically against body length. The data are for 








remales (Table 1). 
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Tables I and II. It was applied also to the individual specimens for the 
lengths of the legs against body length and for the study of growth 
equilibria within the legs. The results obtained from the average 
measurements will be taken up first. 

When the data for the females ( Table I ) are plotted on a double log- 
arithmic grid in conformity with the relative growth function, it can be 
seen (Figure 3) that they conform approximately to the law of simple 
allometry. If the data conformed exactly the points would define a 
straight line, but the actual relation in most cases is that of a flattened 
sigmoid curve. 

In Figure 3 the lines of least squares for the data on body-width and 
head-width are sensibly parallel. This is shown in the values of 4; 0.81 
for body-width and 0.79 for head-width. In other words, during post 
embryonic development the percentage rate of increase in body-width 
and head-width is about four-fifths that for body-length. This is about 
what we should expect from the manner in which the data for these 
characteristics conform to the compound interest law, discussed in the 
previous section. Although the values of £ are very simular, yet the 
values of 6 differ: 0.616 for body-width and 0.445 for head-width. 
These values are reflected in the graph by the line for body-width being 
at a higher level than that for head-width. From the very start body- 
width is greater than head-width, relative to body-length, and to the ex- 
tent indicated roughly by the difference in the initial growth-index. 

The line for the distance between synthlipsis and vertex has a 
negative slope. The calculated value of # is —0.271. A more exact 
interpretation is given by the line as drawn in Figure 3. There is 
practically no change from the third to the fourth instar after which 
the decrease is greater than that before the third instar. 


For the females the values of 4 for the first, second and third legs 
are 1.074, 1.069 and 0.948, respectively. The corresponding values of 
6 are 0.422, 0.549 and 1.10. The first and second legs are increasing 
relatively faster than body-length but the third leg is increasing more 
slowly than body-length. But relative to body-length the first leg is 
increasing faster than the second and the second faster than the third 
to the extent indicated by a comparison of the values of & These values 
fall off from anterior to posterior, indicating an antero-posterior 
gradient for leg growth along the thorax. 
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The values of the growth constants for both males and females are 
given in Table III. For the males the values of & for the first, second 
and third leg are 1.013, 1.012 and 0.908, respectively. The corresponding 
values of 6 are 0.470, 0.605 and 1.178. It is clear that while the general 
pattern of growth is the same in the two sexes, yet as shown by the val- 
ues of the equilibrium constants the details of the pattern differ. One 
of the more noticeable differences is the larger k-values in the females 
than in the males, which may be taken to mean that the gradient is at a 
higher level in the females. But the steepness of the gradient, as shown 


TABLE III 
THE VALUES OF THE CONSTANTS OF THE RELATIVE GROWTH FUNCTION FOR THE 
AVERAGE VALUES OF THE MEASUREMENTS OF MALES AND FEMALES GIVEN IN TABLES | 
AND II. IN EACH CASE X Is BODY LENGTH AND THE MEASUREMENT LISTED IN THE TABLE 
1s TAKEN AS Y IN THE EQUATION y = bxk, 
2° . - 36d 
b k b k 
body width 0.616 0.81 0.656 0.765 
head width 0.445 0.79 0.482 0.742 
snythlipsis 
to vertex 1.039 —0.271 1.020 0.262 
first leg 0.422 1.074 0.470 1.013 
second leg 0.549 1.069 0.605 1.012 
third leg 1.10 0.948 1.178 0.908 
femur 1. 0.153 1.066 0.188 0.971 
tibia 1. 0.140 1.144 0.152 1.101 
tarsus 1. 0.119 1.028 0.138 0.945 
femur 2 ~ 0.190 1.114 0.209 1.060 
tibia 2 0.209 1.059 0.223 1.013 
tarsus 2 0.143 1.056 0.150 1.010 
femur 3 0.268 1.141 0.286 1.104 
tibia 3 0.348 0.964 0.373 0.924 
tarsus 3 0.517 0.742 0.503 0.743 


by the difference between the k-values for the first and third legs is 
about the same in both males and females. 

As explained above, the data were gathered in a manner to make it 
possible to apply the relative growth function to each individual sepa- 
rately. This has been done for the three legs. Some individuals show 
a remakably close fit, but there are others in which the fit is very 
rough. Although the data for certain individuals do not give a very 
good fit to the relative growth function, the constants have been cal- 
culated for all. It should perhaps be pointed out that in applying the 
formula to the individual specimen there is implied the assumption, — 
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obviously a doubtful one,—that the personal error in making the 
measurements is not resonsible for the differences which emerge. In 
other words, it is assumed that all the variability inheres in the 
material. 

It is interesting to compare the gradient in the single individuals 
with the gradient for the average, as estimated in each case from the 
values of &. The gradient for the average gives a misleading impres- 
sion, since the gradient is not a regular antero-posterior one for all 
individuals. In nearly one-half of the females the gradient is higher 
in the middle than at the anterior end, but the third leg shows quite uni- 
formly the smallest value of 4. 

There are 20 of the 37 females with ‘a regular antero-posterior 
gradient. The average values of & for the first, second and third legs 
for these 20 specimens are 1.092, 1.047 and 0.955, respectively. The 
gradient for the average of these 20 specimens is steeper, especially 
between the first and second legs, than is the case for the average 
dimensions of all 37 females. 

Among the 37 females there were 15 individuals in which the second 
leg showed the highest value of 4, indicating that the gradient was 
highest in the middle. The average value of & for the three legs 
against body-length in these 15 specimens is 1.046, 1.093 and 0.950 for 
the first, second and third legs, respectively. The flat character of the 
gradient indicated from the values of & when determined from the aver- 
age measurements is clearly misleading. The fact that these two main 
groups have almost identical values of & for the first and second legs, 
but differ in that the values are reversed, explains to that extent that 
flatness of the gradient between the first and second leg in the average 
individual is statistical and not biologically real. 

In addition there were two aberrant specimens—aberrant in the sense 
of not fitting into either of the two main groups mentioned above. Val- 
ues of & for these two females are 1.079, 1.103 and 1.108 for the first, 
second and third legs of the one specimen ; and for the other correspond- 
ing values are 1.135, 0.999 and 1.012. It can be seen that in the first of 
these animals the gradient is highest at the posterior end and in the 
other lowest in the middle, but the differences are small. 


The males likewise fall into two groups. There were 17 which 
showed a regular antero-posterior gradient; their average values of 4 
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are 1.046, 0.997 and 0.916 for the first, second and third legs, respec- 
tively. The remaining 18 males showed a gradient with high point in 
the middle. The average values of & for these animals are 0.991, 1.048 
and 0.904 for the first, second and third legs, respectively. 

While the general level of the gradient is higher in females, yet the 
difference between the high and the low point of the gradient is about 
the same for each sex. The average difference with its probable error 
for all 72 individuals is 0.135 + 0.002. 

This experience shows that when the gradient does not have uniform- 
ly the same direction in the separate individuals the results from the 
average measurements of the population give a distorted picture of the 
actual relations. The steepness of the gradient is depressed for one 
thing and for another the fact is obscured that the gradient is not 
characteristically the same sort in all members of the population. If 
any attempt is made to draw inferences from the steepness of the gradi- 
ent the gradient will consequently be lower when estimated from the 
average measurements than when the average is taken only of indivi- 
duals in which the gradient is in the same direction. In the present 
instance the average difference between the high and low point of the 
gradient from the average of all is 0.115, while the difference taken 
from the average of the homogeneous groups is 0.138. It is interesting 
and perhaps of importance that the former value is almost exactly the 
same as that found for the growth gradient in the leg of the domestic 
fowl as determined by Lerner (1937) from the average values of bone 
measurements. 


GROWTH GRADIENTS AND EQUILIBRIA IN THE LEGS 

From the data given in Tables I and II we can determine not merelv 
the character of the growth gradients alone the thorax as shown by the 
constants descriptive of the equilibrium between the legs and the body 
but we can determine also the gradient within the legs, at least for the 
three distal segments. Included in Table III are the values of the growth 
constants for the segments of the legs when the average lengths of the 
femur, tibia and tarsus of each leg are in turn taken as y in the relative 
growth function against the average body length taken as x. It can be 
seen from Table III that some of the segments are growing relatively 


faster than body-length and a smaller number of them relatively 
slower, indicated by the value of & being greater than or less than 1 
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It can be seen too,—except for the tarsus of the third leg—that the 
separate joints relative to body-length are growing relatively faster in 
the female than in the males, i. e., the values of # are higher in females 
than in males. This result arises from the circumstance that the final 
average size of the leg-segments is a little larger, while the body-length 


is slightly smaller in the females than in the males. 


The k-values for the femur, tibia and tarsus of the first leg taken 
against body-length are 1.066, 1.144 and 1.028 for females and for 
males the values for the same segments of the first leg are 0.971, 1.101 
and 0.945. Corresponding figures for the same segments of the second 
leg are 1.114, 1.059 and 1.056 for females; and for males the values are 
1.060, 1.013 and 1.010. For the third leg the k-values of the femur, 
tibia and tarsus are 1.141, 0.964 and 0.742 for females; and for males 
the values for the homologous segments are 1.104, 0.924 and 0.743. The 
highest value of 4 is found for the tibia in the prothoracic leg, and for 
the femur in the case of the mesothoracic and metathoracic legs. Un- 
fortunately, we do not have data for the coxa and trochanter, but so far 
as the three distal segments are concerned, it is clear that the dominant 
growth center for the first leg is in the tibia and for the other two legs 
it is in the femur. 


Here again although the k-values are uniformly higher in the 
females, vet the gradient as estimated from the k-values is about the 
same in both sexes. For the prothoracic leg the difference between the 
high and low point of the gradient is 0.116 for females and 0.156 for 
males. The gradient in the mesothoracic leg is not very steep. For 
this leg the difference between the values of & for the femur and tarsus 
is 0.058 in females and 0.05 in males, with very little difference in 
either sex between the tibia and tarsus. In the metathoracic leg on the 
other hand the gradient is much steeper. The difference in & between 
femur and tarsus in females is 0.399, and in males 0.361. These vari- 
ous figures, in the neighborhood of 0.37, 0.14 and 0.05, which give the 
difference between the high and low points of the gradient in the 
several cases, are approximately the reciprocals of ¢, e* and e’, which 
are 0.368, 0.135 and 0.0489, respectively. This remark is intended to 
point out briefly that there is a problem in regard to the relationship 
between high and low points in such growth gradients (see Hersh, 
1938). 
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Another question which naturally arises at this point is in regard to 
the order of relationship between the equilibrium constants for the 
several segments and that for the same leg when the latter is treated as 
a unit in itself in the allometric formula. The constants in question are 
all given in Table III. It can be seen that the value & for each leg is 
intermediate between the values for the several segments when 
they are taken separately as y in the relative growth function. It 
may seem that the value for the leg as a whole is approximately the 
average of the values for the separate segments. But this is deceptive. 
Briefly, in such cases there is no rational relationship to be discovered 
directly. If the growth equilibrium between each segment and the body 
is described by the allometric formula, and the equilibrium between 
the leg and the body is described by the same function, then we are 
landed in a contradiction, as the following argument shows. 

If the length of the femur (y,) and the body (x) conform to the 
equation 

y= b,x" 
and the tibia (y.) and the tarsus (y;) are related to body-length by the 
same function, then 

Yo = box": and 

Y3 = bsx*s 
and so the leg (the sum of y;, y2 and y;) should be related to the body by 
the sum of the several equations, i. e., 

Wa Hye + ys = byx™ + box": + bgx*s 
But this cannot be shown to reduce to the form 
y= bx" 

which is the equation that has been applied to the leg as well as to the 
constituent segments. It is, therefore, self-contradictory to treat the 
data in this manner, and so the formula of simple allometry can be 
regarded as no more than an empirical approximation to the true rela- 
tionships. Consequently it cannot be shown directly that 6 and & for 
the leg have any rational relation to the 4’s and &’s for the several 
segments composing the leg. (see Teissier, 1934, p. 34.) 

While this conclusion follows from mathematical considerations, 
(see Huxley, 1932, p. 81) yet it may be of interest to test the actual size 
of the discrepancy which arises in the present case from this inconsistent 


procedure. This can be estimated in terms of the first derivative of the 
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allometric function. The first derivative, which gives the amount of 
change in y per unit change in 2, is eu = 2 

For our purpose we need to compare for each leg the sum of the 
derivatives of each segment when taken separately with the derivative 
of y with respect to x when y is taken as the sum of the constituent seg- 
ments. 

The results are very similar for both males and females. The two 
sets of derivatives for the males for each of the three legs and at each 
of the six instars are given in Table IV. In making the calculations the 
appropriate y and x were taken from the average of the observed values 
given in Table II, while the appropriate k-values for the calculations 
are given in Table III. 


TABLE IV 
A TABLE TO COMPARE THE SUM (GIVEN IN SECOND COLUMN UNDER EACH LEG) OF THE 


7 i ™ ‘ e 
First DERIVATIVES (k — ) FOR EACH SEGMENT WHEN TAKEN SEPARATELY IN THE 


RELATIVE GROWTH FUNCTION WITH THE DERIVATIVES (FIRST COLUMN UNDER EACH 
LEG) OF y WITH RESPECT TO 2 WHEN y IS TAKEN AS THE SUM OF THE LENGTHS, OF 
FEMUR, TIBIA AND TARSUS. THE DATA ARE FOR MALES FOR THE 3 LEGS AT EACH OF 
THE SIx INSTARS. 


First Leg Second Leg Third Leg 
0.481 0.480 0.556 0.566 0.958 0.959 
0.457 0.456 0.542 0.552 0.874 0.881 
0.452 0.449 0.625 0.636 0.891 0.904 
0.502 0.503 0.615 0.626 0.938 0.954 
9.515 0.515 0.672 0.684 0.927 0.953 

0.508 0.610 0.621 0.824 0.860 


It can be seen from Table I V that the agreement between the deriva- 
tives for each leg calculated by these two methods is remarkably close. 
However, if the function gave a better fit, there would be a uniformly 
progressive change in the numerical value of the derivatives in going 
from the first to the adult instar; a decrease when k<1, and an in- 
crease when k>1. The table shows no such regular change. 

The agreement is, however, sufficiently close to warrant the use of 
k-values for an estimation of relative growth intensities, when the data 
show a reasonable conformation to the allometric equation. Lumer 
(1937) has shown that in some cases when the growth of the whole and 
of the parts is sigmoid in time, then the relative growth curve is not a 
straight line. The whole curve is a flattened sigmoid curve on a loga- 
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rithmic plot. Consequently, the first derivative should change regular- 
ly to a point of inflection followed by a regular change in the opposite 
direction. , 

Growth equilibria within the legs. The discussion on the legs so far 
has been in regard to the length of the legs or their segments in relation 
to body-length. But a further point of interest in these data is that they 
allow us to determine not only the equilibrum between the legs and the 
body, but also the nature of the growth equilibrium within the legs. 

For this investigation of the equilibrium within the legs, the relative 
growth constants were determined by taking in turn the average values 
of the length of the femur, or the tibia, or tarsus of each leg as y and 
the sum of the lengths of the other two segments as x in the allometric 


TABLE V 
VALUES OF 6 AND &, FOR THE GROWTH EQuILIBRIA WITHIN THE LEGs, AS THE FEMUR, 
TIRIA AND TARSUS ARE EACH IN TURN TAKEN AS y IN THE ALLOMETRIC EQUATION AND 
rHF OTHER TWo SEGMENTS TAKEN AS 2. 
Legs y x Females Males 


b k b 
femur/tibia + tarsus 0.582 0.960 0.588 
tibia/femur + tarsus 0.541 1.152 0.624 
tarsus/femur + tibia 0.373 0.924 0.378 
~femur/tibia + tarsus _ 0.627 1.023 0.582 
tibia/ femur + tarsus 0.632 0.934 0.609 
tarsus/femur + tibia 0.350 0.974 0.344 
femur/tibia + -tarsus 0.326 1.352 0.315 
tibia/femur + tarsus 0.471 1.020 0.464 
tarsus/femur + tibia 0.733 0.703 0.687 








equation. When treated in this way the data again conform approxi- 
mately to the formula but the actual curve on a logarithmic plot is again 
somewhat sigmoid. The values of the constants, given in Table V, are in 
general agreement with the results from the constants as determined 
by taking the equilibrium between the length of the segments of the legs 
and the body-length. The dominant growth center is in the tibia in the 
vrothoracic leg and in the femur in the mesothoracic and metathoracic 
legs 

These statements made in the last paragraph were for the average 
measurements. The growth equilibrium within the legs has been in- 
vestigated also in the individual specimens for the femur against tibia 
- tarsus for the three legs in both males and females. One aim in 
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making these calculations was to test the relationship between the para- 
meters 6 and &. 
THE RELATION BETWEEN THE PARAMETERS 6 AND& 

When we consider the power function, y = bx*, without regard to its 
possible application to the organism, it is obvious that a series of 
numerical values can be chosen arbitrarily for the constants 6 and & in 
such a way that no correlation would exist between the selected values. 
If then we have a family of curves, y = bx‘, descriptive of a series of 
organisms, and actually find that there is a uniform relation between 
these parameters the conclusion necessarily follows that the relationship 
is somehow the result of definite restrictions on the values 6 and & im- 
posed by the organism. 

All the evidence available shows that these parameters are functional- 
ly related. For some half-dozen cases in the literature (see Lumer, 
1936) the relation in all is definitely an inverse one, i. e., as & increases 
6 decreases. In the several instances where the functional relation 
could be tested more definitely, namely, for certain skull measurements 
of the titanotheres (Hersh, 1934) and for facet number in the dorsal 
and ventral lobes of the eye of 15 bar-eyed biotypes of Drosophila 
(Hersh, 1931), it was found that 6 is approximately a decreasing ex- 
ponential function of £ and so conforms to the equation 

b = Be“ 

In other words, when @ is plotted semilogarithmically against 4, the 
result is approximately a straight line with negative slope 7, and with 
y-intercept log B. But Lumer (1936) pointed out that if the relation 
between 6 and & is exponential then the original family of curves of the 


form, y = bx*, must have a point in common. In the several cases 
mentioned the curves very definitely do not intersect at a common point 
and so the decreasing exponential relation between 4 and & may be con- 
sidered only as a rough empirical one. It is quite certainly not a true 
approximation for which one might expect to find some rational 
validity. (see also Lumer, 1939). 


The calculations from the data on Notonecta supply several sets of 
é’s and &’s to test again what the relationship between these parameters 
might be. For each of the 37 females and the 35 males there is a set of 
é’s and &’s for the allometric relation between leg-length and body- 
length of each of the three legs, and also for the relation between femur 
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and the rest of the leg distal to it for each of the legs in both males and 
females, making in all 12 different sets of 6’s and &’s. 


The same general relation between 6 and & is found in both males 
and females. The six sets of values for the females are presented 
graphically in Figures 4 and 5, the former for the equilibrium constants 
of leg-length against body-length and the latter for the equilibrium 
between femur and the rest of the leg distal to the femur. In Figures 
4+ and 5 each point represents a single specimen and log 6 is plotted 
against &. 


It is easy to agree perhaps that there is the same general relationship 
here which has been found in all previous cases, namely, 6 decreases 





RELATIVE GROWTH IN NOTONECTA 367 


as & increases. But to find a more definite relation is more difficult. 
Do the sets of points in Figures 4 and 5 determine straight lines or not? 
'n the light of the conclusion established by Lumer we may grant for 
the moment that they are not straight lines. There is a suggestion 
especially for the third leg in both figures, that the points determine a 
flattened sigmoid curve, which approximates a straight line of negative 
slope throughout an extended middle portion of its course. Several 
others can be interpreted as flattened sigmoid curves if we grant some 
regular departure from the straight line relation. 

The difficulty of coming to a definite decision is the result, of course, 
of the quite considerable scatter of the points. This spread of the points 
may bea consequence of the departure of the observed data from the 
allometric equation, or it may mean that @ is not a single-valued func- 
tion of &. The latter possibility is especially marked in line 1 of Figure 
5, for which there is a quite definite periodicity in the functional rela- 
tion between these parameters. 

This discussion has left doubtful what the precise relation between 
the parameters is. In the different sets of values supplied by Notonecta 


it seems likely that 6 and £ are related to one another by the exponential 
equation mentioned above. But if we consider the other cases in the 
literature for which Lumer has shown that the exponential equation 
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cannot apply, then we are left with the unsatisfactory result that al- 
though the relation is approximately exponential yet in fact the true 
relation must be something different. But if we grant a departure 
from the straight line relation between log 6 and 4, then the most likely 
relation seems to be that of a flattened sigmoid curve, and this conclu- 
sion although doubtful in the present state of knowledge would at least 
allow all cases to be brought under the same scheme. 

Fortunately all known cases agree at least to the extent that 6 is a 
decreasing function of & What is the biological meaning of this 
orderly relation between these parameters? It seems clear that the 
regular change in & with change in & denotes an orderly shift of some 
sort in the relation between growth centers and growth gradients, as we 
pass from individual to individual within the population. Some of the 
difference may be genetic in origin. There isa definite indication that 
individuals from the same mother cluster rather closely about the same 
approximate values of 6 and 4, but the population is not large enough 
to satisfactorily test this point. 

Whether some or all of the differences are genetic or not, the problem 
still remains as to the mechanism by which the differences arise. An 
interpretation of the relationship between 6 and & can be given most 
simply on the biological plane of description, but at present only specu- 
latively and in general terms. 

First of all it is important to recognize that a growth center, let us 
say for a leg, is a differentiating leg-center in regard to the organism. 
Likewise a growth center for a segment is a differentiating segment- 
center in regard to the leg as a whole. The segment which shows the 
highest relative rate of growth contains the dominant growth center in 
the gradient along the leg; and the leg which shows the highest relative 
rate of growth contains the dominant center for leg growth in the 
gradient along the thorax. 

A center for leg-growth which consists of a larger or smaller number 
of actively metabolizing cells that have become chemo-differentiated 
from their neighbors soon manifests itself as the leg-anlage. It has 
been shown for some organisms that such anlagen arise as embryonic 
segregates, and the principle is held to have general validity. At any 
rate, from this point of view we might say that at the time of determina- 
tion of the leg-center the growth gradient that exists along the thorax 


of the insect has some particular character. If the segregation occurs 
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a little earlier in one individual than in another where it occurs a little 
later the 6’s and 4’s for the leg in these individuals would be expected 
to differ. And we might expect a similar change if the gradient is a 
little steeper in one individual than in another at the time of segrega- 
tion of the leg-center. 

Briefly, the main idea of this interpretation is, that the uniform 
change in 6 with change in £ has its origin in an orderly shift in the 
relationship between embryonic segregations, growth centers and 
growth gradients, as we pass from individual to individual within a 
homogenous population. 


GENERAL DISCUSSION 

While we have included a discussion of the results in the previous 
sections, we might summarize briefly the main points and make a few 
additional remarks. The data on Notonecta have been shown to con- 
form approximately to the allometric equation. But perhaps it needs 
to be emphasized that the conformity is only approximate. The equa- 
tion fails to take account of minor deviations which when taken into 
account clearly indicate that the actual relation of y to 2 is usually a 
flattened sigmoid curve on a double logarithmic grid. 


The equation is not only an approximation, but it is not a true ap- 
proximation. It is basically defective since it leads to self-contra- 
diction. It was pointed out above that if it applies to the relation- 
ship between each segment of a leg and the organism then it cannot 
apply to the whole leg itself in relation to the organism. 

But in spite of the fact that the equation is merely an empirical 
approximation, yet it does give an approximation which may be of 
considerable value in leading to further progress. It is nothing unusual 
for empirical relations to suggest a rational order in phenomena. 

In the problem of the proportion of parts in the organism it is clear 
from its use that although the proportions between the parts change,— 
in Notonecta, for example, at every instar,—vet these changes mask an 
underlying order which is the same throughout post-embryonic 
development. The proportions change, the pattern remains the same 
It is clear that any attempt to explain the proportions between the parts 
in the adult is already advanced by a knowledge of these invariant 
relations during development. 
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The approximation given by the allometric equation is also sufficient- 
ly close to warrant using the equilibrium constants in a comparison of 
relative growth intensities. A problem exists in regard to the order of 
relative growth intensities at the different levels in a growth gradient 
that are marked by the parts of the organism. (see Hersh, 1938). 

There is, furthermore, the problem of the relation between 4 and 4, 
which in Notonecta and the several other cases in the literature show 
the same general inverse relation, namely, as 4 increases 4 decreases. 
There are two different problems here; the one on the relationship 
between 6 and & for the different legs in the same individual; and the 
other which concern’ the relationship between 4 and & for the same leg 
in different individuals. 


It was suggested above in terms of the analogy to the compound 
interest law that 6 is proportional to the relative amounts of capital set 
aside in the leg centers which grow into the legs. But this is perhaps 
defective in any literal sense. The metathoracic leg has a smaller 
value of & than the prothoracic leg, but since it has at the same time a 
larger value of 4 it would need to start with relatively larger capital. 


If we assume this to be the case, then it would seem to follow that the 
event during development, which is the origin of the metathoracic leg, 
would need to be inaugurated with an initial flash that would give it 
practically from the start a larger leg-bud than the prothoracic leg. 
This would then require a postero-anterior gradient of some sort to ac- 
count for the values of b. In any case, to account for the decreasing 
order in the value of £, as we go from the anterior to posterior and the 
inverse sequence in the value of 4 for the three legs as we go from an- 
terior to posterior, it would seem that we need to know something about 
the time order and nature of the segregations which produce the 
leg-anlagen, and the character of the gradient at that time. Briefly, 
the obvious problem is to relate the postembryonic growth pattern with 
earlier embryonic events. 


The same sort of conceptions may be used in an interpretation of the 
uniform decrease in 6 with increase in & for the same leg in different 
individuals. For, if the embryonic segregation for the leg is a little 
earlier in one individual than in another where it occurs a little later, 
or if the gradient is a little steeper in one individual than in another 
where it may be a little flatter, or if the segregation is located a little 
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higher on the gradient in one individual than in another where it is a 
little lower on a gradient of the same potential, then we should expect 
to find a uniform relation between 6 and & perhaps of the sort which 
has been disclosed by the investigation. 

This interpretation has been made throughout in terms of the biologi- 
cal plane of description. If we should leave the biological plane for the 
biochemical one then the answer to the problem of the relationships in- 
volved in the morphogenetic problem could be framed in even more 


speculative manner in terms of precursors, growth hormones and 


competition for substrates. It would be idle at the present time to give 
the attempted explanation a sharper focus. The main point of the 
interpretation is to suggest that differences in relative growth intensi- 
ties need to be related to the order of embryonic segregations, which on 
the biochemical level is a problem of the localization of precursors. 


SUMMARY 
Data on growth in length of various bodily dimensions of Vosonecta 
undulata conform approximately to an exponential function of time by 
instars. The length of the parts relative to body-length conform ap- 
proximately to the relative growth function. The growth equilibrium 
between leg length and body length indicate an antero-posterior gradi- 
ent along the thorax for the average, but when the individuals are 
examined separately it is found that about one-half show an antero- 
posterior gradient, the others show a gradient highest in the middle. 
By ascertaining the growth equilibrium within the leg it was found that 
the dominant center for the first leg is the tibia and for the other legs 
itis the femur. For twelve separate sets of the constants of the allome- 
tric equation it is found that in all cases 6 is a decreasing function of £. 
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INTRODUCTION 

Functional differentiation of the pars intermedia, as well as that of 
the anterior lobe, in Hy/a has been shown by Burch (1938, 1939) to 
reauire contact of the epithelial hypophysis with infundibulum. Ex- 
perimental embryos in which the anlage of the infundibulum had been 
transplanted to a position in the hind brain developed into silvery white 
tadpoles which failed to metamorphose. Histological examination 
showed the hypophysis, an undifferentiated mass, to be occupying its 
normal position at the tip of the notochord yet some distance away from 
the translocated infundibulum. It was concluded by Burch that 
nervous tissue, specifically infundibulum, acts as an organizer upon the 
epithelial hypophysis. Gaillard (1937) had earlier demonstrated by 
tissue culture the same or similar interrelationship between the anterior 
and posterior lobes of the pituitary in the rabbit. A complete review of 
the problem, however, will be presented by Burch in a forthcoming 
publication. 

The present experiment was undertaken to confirm the findings of 
Burch and others, using a different animal, a urodele, 7 rz‘urus torosus, 
and a diffe ent method. A preliminary report of the results was given 
before the Society for Experimental Biology and Medicine (Eakin, 
1939a). 

METHOD 

A previously described method ( Eakin, 1933 and 1939b) of injecting 
gelatin into embryonic cavities was used in this experiment. Two 
important modifications, however, were made, namely, the use of a 
thicker solution of gelatin (10% ) and a special chamber for injection. 
The chamber (see fig. 1) was a cavity about 3 cm. square within a 
block of wax 7 cm. square. A mold into which an embryo could be 
placed was made in the floor of the chamber. Entering the chamber 





1 Aided by Work Projects Administration, Official Project No 465-03-3-192. 
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from one side were two small glass tubes, one carrying warm water and 
the other cold water, both streams controlled by stopcocks and flowing 
into the chamber under gravity. Leaving the chamber on the opposite 
side was one glass tube connected to the vacuum, which maintained the 
water within the chamber at a relatively constant level. The entire 
block of wax was made fast to the stage of the dissecting microscope by 
means of plasticine. 



































-1—- 


V. 











Fig. 1. Diagram of chamber for injection. c, inlet for cold water; c#, cannula of 
injecting apparatus; 4, inlet for warm water; #, mold for holding embryo; v, outlet to 
vacuum. 


The embryo to be injected was oriented, venter uppermost, within the 
n0uld. The cannula of the injecting apparatus (see Eakin, 1933, fig. 
A) was inserted through the oral plate and into the foregut, the cavity 
of which was then maximally distended with gelatin. Without with- 
drawing the cannula the cold water was allowed to flow freely into the 
chamber and around the embryo. As the gelatin solidified the cannula 
was removed from the foregut and the embryo was transferred to a 
stender dish of Holtfreter’s solution diluted one part in three. Had 
the cannula been withdrawn before solidification took place much of 
the gelatin would have escaped at the site of injection. 
For the experiment one clutch of twenty embryos of 7 rzturus torosus 
was used. Of these, ten (39TC1-10) were injected at a stage (see fig 
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Fig. 2. Embryo of 7riturus torosus illustrating stage at which injections were made. 


2) corresponding to stage thirty-six in Harrison's series for 
Amblystoma; the remaining ten (39TCC1-10) served as uninjected 
controls. At the end of six weeks the larvae were fixed in Bouin’s solu- 
tion and prepared for histological examination. 


RESULTS 

Observations of experimental embryos were made soon after injec- 
tion. The cells of the epithelial hypophysis were already recognizable 
at this time by virtue of their lighter color. They were arranged in 
the form of a transverse bar lying within the stomodeal depression. In 
performing early hypophysectomy in 7yrztwrus ( Miller, unpublished ) 
these cells are carefully picked away by means of a fine needle. In 
most examples of the present experiment a few of the hypophyseal cells 
were necessarily injured as a result of injection. The aperture caused 
by the entrance of the cannula, however, soon healed. The foregut was 
visibly distended and upon palpation with a hair loop the pharyngeal 
region was noticeably rigid. 

Further observations were made four days after injection. By this 
time circulation had been established and swimming movements com- 
menced. Experimental and control animals were indistinguishable as 
regards number and condition of chromatophores. The former, how- 
ever, still showed marked although unequal distention of the foregut. 
In two cases the pharynx was so inordinately expanded that the gill 
slits, which are usually not apparent in the normal animal, appeared as 
well-defined vertical clefts between the bases of the external gills. 
The gelatin within could be probed and found to be still solid. The 
epithelial hypophyses of the experimental larvae showed little or, in 
some cases, no indication of inward migration. Their whitish cells, to 


the contrary, covered more extensive regions externally than at the time 


of injection four days earlier. In the controls, however, the hypo- 
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physeal cells had largely disappeared from the surface leaving only a 
fine white line visible externally. 

Final observations of the living larvae were made immediately be- 
fore fixation, six weeks after injection. Of the experimental larvae al! 
except one, 39TC1, were indistinguishable from the controls as regards 
size, pigmentation, and behavior. The oral and pharyngeal regions of 
many, however, showed definite abnormalities. The one exception (see 
fig. 3a) was an “albino.”’ In contrast with a control (fig. 4a) the 
melanosomes were highly contracted, the two longitudinal pigmented 





Fig. 3. a. Experimental embryo, 39TC1, showing the syndrome of ‘‘albinism.”’ 

b. Longitudinal section of experimental embryo, 39TC1l. ch, notochord; cr, 
parachordal cartilage; /#y, epithelial hypophysis; 7vf, infundibulum; of. r, optic recess; ¢ 
tongue. 
stripes having become resolved into two bands of dots. It was note- 
worthy, however, that on the tip of the tail the pigment within the 
melanophores had been only partly concentrated; there the melano- 
somes resembled asterisks. The pigment within the xantholeucophores, 
on the other hand, was dispersed as compared with the condition in the 
norm. The syndrome, in short, was essentially like that produced in 
Triturus torosus by hypophysectomy ( Miller, unpublished. ) 

A histological examination of all experimental larvae was made to 
ascertain the relationship of the epithelial hypophysis to the infun- 
dibular component of the pituitary body. The condition present in the 
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“albino” (39TC1) as shown in figure 3b may be compared to that in 
the normal larva (fig. 4b). It will be observed first of all that the 
buccal and pharyngeal cavities have been excessively distended. Asa 
result the development of the tongue has been suppressed, the lower jaw 
abnormally formed; the visceral arches, muscles, and operculum have 
been displaced or malformed, and a normal lengthening of the brain 
has been inhibited. The hypophysis, which in the norm lies vertically 
at the base of the infundibular recess and immediately anterior to the 
notochord, is here located far forward beneath the optic recess. It is 





Fig. 4. a. Control, 39TCC1, showing normal pattern of pigmentation. 
b. Sagittal section of control, 39TCC1. ch, notochord; Ay, epithelial hypo- 
physis; ‘vf, infundibulum; of. r, optic recess; 7, tongue. 


separated from its normal position by an exceedingly large block of 
cartilage which has probably developed to abnormal proportions in res- 
ponse to the pressure exerted by the gelatin. No cartilage is observed 
in this region in the norm except a parachordal cap over the anterior tin 
of the notochord. The hypophysis, furthermore, is a small mass of un- 
differentiated material which has not as yet become completely 
separated from the buccal epithelium. The continuity of epithelial 
cells with those of the hypophysis may be traced easily under the 
microscope. In sections other than the one here shown the hypophyseal 
cells lie more closely applied to the wall of the optic recess. 
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In every one of the remaining experimental larvae, which were nor- 
mal in pigmentation, the epithelial hypophysis was found to lie in 
varying degrees of contact with the infundibulum. In a few cases the 
relationship between fers bucca/is and pars nervosa was essentially like 
that in the normal animal. In other examples, as the one (39TC4) 
shown in figure 5, the hypophysis, although not in the typically normai 
position, is closely applied throughout the greater part of its length to 
the posteroventral wall of the infundibulum. Minor malformations in 
the lower jaw and other buccal structures indicate that only slight 
pressure had been exerted by the gelatin. Apparently either an insuf- 
ficient amount of gélatin had been injected or enzymatic action had 
caused an early liquefaction of the gel. 


In one example, 39TC2, the hypophysis barely succeeded in establish- 
ing contact with the infundibulum, as shown in the parasagittal section 
selected for figure 6. Only the posteriormost cells of the epitheliai 
hvpophysis are contiguous with nervous tissue; the more anterior ones 
extend ventrad through a foramen in the chondrocranium. A notation 
in the protocol states that although this larva was normally pigmented 


at the conclusion of the experiment, for some time earlier it appeared 
as though it might exhibit “albinism.’” The size of the buccal and 
pharyngeal cavities, the extensive formation of cartilage, the suppres- 
sion of the tongue, the shortness of the brain, and the displacement or 


Fig. 5. Sagittal section of experimental embryo, 39TC4. ch, notochord; 44, hypo- 
whysis ; évf, infundibulum; of. r, optic recess. 





CORRELATIVE DIFFERENTIATION OF PITUITARY 


Fig. 6. Parasagittal section of experimental embryo, 39TC2. ch, notochord; cr, para- 
chordal cartilage; #y, hypophysis; ‘vf, infundibulum; /, tongue. 


malformation of other structures indicate that the foregut had been 


inordinately distended. As the larvae were sacrificed at the end of six 
weeks information regarding metamorphosis is not available. 
SUMMARY 

1. Contact of the epithelial hypophysis with the infundibular recess 
was prevented by injecting gelatin into the foregut of embryos of 
Triturus torosus at a stage when the stomodeum was just forming. 

2. The syndrome of ‘“‘albinism’’ appeared in the larval stage; the 
hypophysis, forced to remain forward in the region of the optic recess, 
did not differentiate histologically. 

3. The “albinism” together with the histological picture is direct 
evidence that the intermediate lobe was physiologically undifferen- 
tiated. Evidence upon the anterior lobe was not obtained. 

4. Experimental embryos, as well as controls, in which contact of 
pars buccalis with pars nervosa was established, exhibited normal 
pigmentation. 

5. The epithelial hypophysis in 7 riturus torosus, as well as certain 
other forms, is not self-differentiating. Its differentiation is depend- 
ent upon the inducing power of the infundibulum. Parts of the brain 
adjacent to the infundibulum, such as optic recess, apparently lack this 
power. 
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DEVELOPMENT OF BETA CRYSTALLIN IN THE 
PIG AND PRENATAL WEIGHT OF THE LENS 
By 
F. C. SAUER! 

Late Assistant Professor of Zoology, The Municipal University of Wichita, Kansas 
(Received August 20, 1939) 


Changes in weight and chemical composition of the crystalline lens 
frem birth to old age have been the subject of numerous investigations 
(Krause, ’34 (review); Krause, 35; Donaldson and King, '37; Scam- 
mon and Hesdorffer, ’37). However, little attention has been given 
to these aspects of lens development in prenatal life. Since the fetal 
lens persists as the central portion of the adult lens, the subject is of 
more than academic interest. 

Although current views indicate that proteins are not well defined 
chemical entities, several characteristic protein fractions have long been 
recognized in the lens (Krause, ’34). Of these, alpha crystallin and 
beta crystallin are the most abundant, Krause (33) finding the bovine 
lens of one year to contain 32 per cent alpha crystallin and 53 per cent 
beta crystallin. Performing the same function wherever they occur, 
alpha and beta crystallin are of remarkably similar chemical composi- 
tion in all vertebrates. In addition to their organ specificity, well 
worked out methods (Burky and Woods, ’28) exist for their isolation 
in immunologically pure form. In the present study, advantage has 
been taken of these facts to determine the first appearance and the pre- 
natal development in the pig of beta crystallin, the most abundant and 
most constant protein fraction of the lens. 


MATERIALS AND METHODS 


A total of 407 lenses was removed at the packing plant from pig 
fetuses of 15 to 250 mm. body length. Table 1 gives the distribution 
of these for each age group. The lenses were kept frozen overnight 
and, after weighing, were preserved in 0.5 per cent phenol. 

The reaction of each group of lenses to a high titered anti-beta 
crystallin serum was determined. This serum was obtained by im- 





1Deceased, 1936. This paper represents work done by the author in the Department of 
Anatomy of the University of Kansas in 1932 and 1933. The manuscript has been prepared 
for publication by his wife, Mary Elmore Sauer, in the Department of Histology and 
Embryology of the University of Texas. 
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munizing a rabbit to purified beta crystallin prepared from sheep lens 
according to the method of Burky and Woods (’28). This immune 
rabbit serum gave a precipitate with purified beta crystallin in 
1:100,000 dilution, but not in 1:200,000 dilution. The antigen dilu- 
tion method was used to determine the beta crystallin content of 
solutions of whole lenses of the different age groups. The ring test 
was read after 2 hours at 37° C. and the precipitate was observed after 
overnight refrigeration. Saline, serum and antigen controls were 
always included. 


TABLE | 


WEIGHT AND REACTION TO AN ANTI-BETA CRYSTALLIN SERUM OF 
EAcH AGE GROUP OF PIG FETUSES 


Body length Number of Average Maximum dilution of moist 
mm. lenses moist weight lens giving precipitate with 
mgm. anti-beta crystallin serum 


15-20 30 0.2 No reaction in- 1:100 
20 - 30 27 1.1 1:100 

30 - 40 62 2.8 7650 

40 - 60 159 5.8 76500 

60 - 80 29 12.0 :7000 

80 - 120* 16 ES 4 765000 
120 - 180* 24 34.0 765000 
180 - 250 60 85.3 :100,000 


*The small difference between the 80-120 mm. and the 120-180 mm. groups is 
explained by the fact that the specimens of both groups approached the 120 mm. size. 


EXPERIMENTAL WORK 

The results are summarized in table 1 and figures 1 and 2. From 
these it is seen that both the weight of the lens and its content in beta 
crystallin increase continuously throughout prenatal life. The weight 
increase is slow up to about 75 mm. body length, after which the curve 
rises rapidly. 

Beta crystallin can first be detected in pig embryos of 20 to 30 mm. 
body length. The amount of this protein per unit weight of lens in- 
creases rapidly up to 50 mm. The differentiation is somewhat slower 
from 50 to 100 mm. and there is only slight further increase. It was 


possible to prepare a small amount of pure alpha crystallin from the 


lenses of the 180 to 250 mm. group; hence, both of these proteins 
differentiate in prenatal life. 
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Fig. 1. Prenatal weight of the pig lens. Weight is calculated as the moist weight of an 

individual lens. The small difference between the 80 - 120 mm. and the 120 - 180 mm. 

groups is explained by the fact that the specimens of both groups approached the 120 mm. 


size. 


DISCUSSION 

The exact age of the specimens used in the present study is unknown 
However, Warwick’s (’28) curve, showing the relationship in the pig 
of body length to age throughout the gestation period, makes it possible 
to assign approximate ages to measurements of body length whenever 
this information is desirable. 

A fetal organ characteristically passes through a preliminary period 
of slow increase in weight, followed by a phase of more rapid growth 
(Scammon, ’33). Thus, the curve presented in figure 1 for the pre- 
natal growth in weight of the lens is typical of a fetal organ. A 
number of investigators (Scammon and Hesdorffer, °37; Donaldson 
and King, ’37; and others) have emphasized that the true weight of the 
lens can be obtained only immediately after death, due to its rapid post- 
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mortem absorption of water. Scammon and Hesdorffer (’37) give 66 
mgm. as the weight of the human lens at birth. Comparison of this 
figure with that of 85 mgm., obtained as the weight of the supposedly 
smaller lens of the oldest pig fetuses dealt with here, may indicate that 
postmortem water absorption has taken place. However, since all of the 
material was collected at one time and has undergone a similar degree 
of postmortem change, it seems probable that further work will only 
duplicate the curve presented, although the actual weights may be 
found to be too high. When the logarithm of the body length is plotted 
against the logarithm of the weight of the lens, the trend is linear (fig 


1). ’ 
The elongated cells of the posterior wall of the embryonic lens 
vesicle lose their nuclei and remain in the center of the lens as primary 
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Fig. 2. Development of beta crystallin in the pig. The beta crystallin content is plotted 
for each age group as the logarithm of the highest dilution of whole fresh lens in saline 
giving a precipitate with a high titered anti-heta crystallin serum. All of the pigs used in 
the 180 - 120 mm. group were near the larger size, while most of those in the 120 - 180 
mm. group were near the smaller limit, thus explaining the small difference between these 
two groups. 
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fibers. Further increase is by the addition of secondary fibers, which 
originate from division of cells at the equator, at the line of transition 
of cells of the anterior epithelium into lens fibers. Each newly formed 
cell of the lens transforms into a lens fiber, which, with its protein. 
remains throughout life. Krause ('33) concludes that the amount of 
beta crystallin remains practically constant during growth, since 
analyses of successive lamellae of one year bovine lens showed similar 
amounts of beta crystallin. Alpha crystallin, on the other hand, 
changes with age into an insoluble albuminoid. 


The curve of beta crystallin development presented in figure 2 may 
be roughly correlated with the stages of histogenesis. Although data 
are not at hand for the pig, Mann (’28) finds in human embryos that 
cells in the center of the lens begin to lose their nuclei, and thus become 
primary lens fibers, at 26 to 30 mm. Hence, the first appearance of 
beta crystallin corresponds approximately to the stage of the first 
morphological lens fibers. Transformation into primary fibers con- 
tinues for some time, coincidently with secondary fiber formation and, 
as might be expected, the amount of beta crystallin per unit lens 
substance increases rapidly. By the 50 mm. human stage, few nuclei 
remain in the original central body. This terminates the period of 
rapid increase in beta crystallin. The slower relative increase from 50 
to 100 mm. may be related to a more gradual transition of cells into 
secondary fibers after the completion of the central nucleus. Further 
increase in beta crystallin relative to total lens substance is negligible 
after the 100 mm. stage, indicating that a constant proportion is at- 
tained comparatively early in fetal development. 


SUMMARY AND CONCLUSIONS 


Lenses were removed from pig fetuses of 15 to 250mm. The lenses 
were distributed according to body length and for each group the 
weight and reaction to a high titered anti-beta crystallin serum were 
determined. The weight of the lens increases slowly up to about 75 
mm. body length, then rapidly for the remainder of the prenatal period. 
Beta crystallin begins to differentiate in embryos of 20 to 30 mm.; the 
amount of beta crystallin per unit weight of lens increases rapidly up 
to 50 mm. and less rapidly from 50 to 100 mm., after which there is ° 
only slight further increase. 
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A PROLIFERATIVE EFFECT OF CARCINO- 
GENIC HYDROCARBONS UPON MULTI- 
PLICATION OF PARAMECIA 
B 
M. wenieice 
Hebrew University, Cancer Laboratories, Jerusalem 
(Received September 3, 1939) 


Various authors have attempted to investigate whether the carcino- 
genic hydrocarbons have a proliferative effect upon simple and 
especially unicellular organisms. 

The clarification of this problem has been the subject of several 
studies, which differed both in regard to the biological substrates used, 
the technique followed, and the results obtained. 

1. Reimann and Hammett (1) observed that methylcholanthrene 
enchanced the developmental growth of Odelia geniculata. 

2. Goldstein (2) has worked with a bacterium, Zscherichia 
communior, and has obtained, using dibenzanthracene and methyl- 
cholanthrene, 50% more micro-organisms in the experiments than in 
the controls on the eighth hour. 

3. Owen, Weiss, and Prince (3, 4) found that 1.2.5.6 dibenzanthra- 
cene and other carcinogenic hydrocarbons stimulated both regeneration 
of cut segments of Ewflanaria dorotocephala and the reproduction of 
the whole animals. 

4. Cook, Hart, and Joly (5,6) found that 1.2.5.6 dibenzanthracene 
had a stimulative effect upon the proliferation and respriation of yeast. 
They observed that this effect depended upon the concentration of the 
carcinogenic substance, whereas different concentrations either are 
inhibitive or have no effect at all. 

Tissue cultures are especially interesting for research in this field. 
Various investigations have been made in this direction, but contradic- 
tory results were obtained by various authors. 

5. Ruffilli (7) could not observe any difference between the growth 
of fibroblasts to which a colloidal solution of benzpyrene was added, 
and the controls. 

6. Mauer (8) has observed cell-alterations, retardation and cessation 
of the growth of chicken fibroblasts which have been grown in the 
presence of carcinogenic hydrocarbons. 
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7. Earle and Voegtlin (9), who attempted to produce a proliferative 
effect of methylcholanthrene and dibenzanthracene upon tissue cul- 
tures, found only a growth retardation and degeneration, without anv 
stimulative effect at all. 

Different results were obtained by: 

&. Lebenzon (10) reported that small quantities of 1.2.5.6 
dibenzanthracene accelerated the growth of embryonic mouse skin cells 
in tissue cultures. 

9. Hearne-Creech (11) found recently that 1.2.5.6 dibenzanthra- 
cene-choleic acid causes an increase in the proliferation of mouse 
fibroblasts in tissue*cultures of approximately 50° more than the 
controls. 

This paper deals with the effect of carcinogenic hydrocarbons on the 
division rate of protozoa, and mainly on Paramecia. 

It has been our purpose to verify (1) whether an activating effect of 
carcinogenic hydrocarbons upon the multiplication of Paramecia 
exists, (2) what are the optimal concentrations for each hydrocarbon. 
and (3) whether it is a specific effect of these carcinogenic substances, 
i. e., that it exists in all the carcinogenic, and does not exist in similar 
but non-carcinogenic hydrocarbons. 

MATERIALS AND METHODS 

This research has been carried out with Paramecia, experiments 
being always done on sister animals. We think that working with two 
Paramecia-sisters and their descendents gives us the opportunity to have 
the maximum of comparability between the experiment and the control 
The number of animals was determined under the dissecting micro- 
scope. 

In order to obtain statistically valuable data, every experiment was 
repeated on many individuals (as a rule 18-36 families), presumably 
not of the same strain, whereas the division rate was compared onlv 
within each family, that is, the division rate of one individual to that 
of its sister. 

The Paramecia were separated from a wild culture, and have been 
kept for some generations in the nutritive infusion in the thermostat. 
One individual was separated from such a stock-culture under the dis- 


secting microscope and put on a depression slide. After some hours, 
when a division had taken place, the two Paramecia-sisters were 
separated, one serving as experiment, and the other as a control. 
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The two Paramecia-sisters separated, were put on two depression 
slides, and to each was added one drop of earth infusion (prepared by 
the techinque of Pringsheim). Afterwards the “experiment-sister’’ 
received four drops of a watery solution of the hydrocarbon; the “‘con- 
trol-sister” received four drops of tap water. 

During the experiment the Paramecia were placed on slides and left 
in a moist chamber made by a large closed glass dish, with some water 
on the botton. The dish was kept always (except for the time of 
observation) in a special thermostat in which the temperature ranged 
between 18° and 22° C. The conditions of illumination are: 12 hours 
of darkness alternating with 12 hours of light—maintained by a 500 
Watt lamp, the light being filtered through distilled water. The 
distance of the dish from the lamp was about 1 m. 

The Paramecia were observed and counted for three days, in some 
experiments every six, in others every eight hours; one observation every 
24 hours, which should be made at night, was omitted. At the end of 
three days the experiment was considered finished. In some cases, 
when the number of individuals on one of the slides reached 16, the 
experiment was finished before the end of the third day. 

As a rule, no liquid was added to the culture during the time of 
experiment. In some cases however, when evaporation had taken place, 
one or two drops of tap water were added, both in the experiment and 
in the control. 

The hydrocarbons used were: (1) Carcinogenic: 3.4 Benzpyrene, 
1.2.5.6 Dibenzanthracene, and Methylcholanthrene. All from the 
Meurice factory. (2) NonCarcinogenic*: 1.4 Diphenylanthracene, 9.10 
Diphenylanthracene, 1.4.9.10 Tetraphenylanthracene, and Chrysene. 

Our method of preparing colloidal suspensions of these hydrocarbons 
consists in spreading 20cc. of an acetonic 1:20000 solution of the hy- 
drocarbon on the bottom of a large Petri dish (about 30 cm in 
diameter ), and pouring upon it the same quantity of tap water. After 
the acetone is evaporated, the water suspension is carefully taken 
Afterwards the dilution is made up with tap water to the titre desired. 

Every experiment has been carried out on a series of at least nine 
families, i. e., nine experimental and nine sister controls respectively. 
This has been the minimum series which was regarded as sufficient in 


*All kindly given to us by Dr. E. Bergmann from the Daniel Sieff Research Institute, 


Kehovoth. 
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TABLE I 
THE PROLIFERATIVE EFFECT OF 3.4 BENZPYRENE 1 : 2,000 000 
6 12 18 24 30 36 42 48 54 60 66 72 
hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs, 
Experiment 1 1 — 4 4 — 8 8 16 
Control —- 2 — 4 4 
Experiment — 6 


SISTERS 1 
1 

Control 1 — 4 
1 
1 


SISTERS 


a 
~— 


Experiment 


SISTERS Control 


the cases where a marked toxicity was present, and therefore the result 
was of a scarce quantitative value. 

As a rule, when a quantitative measurement of the proliferative ef- 
fect was to be made, the series was of 18-36 families. 

While the simple protocol readings seemed to be appropriate to give 
us an exact and full account of the proliferative activity of the 
substance, it did not give us a quantitative result which would allow us 
to compare the activities of various hydrocarbons, or of various concen- 
trations of the same hydrocarbon. 

Therefore, while in some cases (for example Table I) it seemed right 
to bring an example of the full protocol of the experiment done, in other 
cases (as for example in 1 or 4) we thought it neccessary to elaborate 
these data in order to obtain a quantitative measurement of the 
proliferative activity of the substance in the given concentration. 

The number of the individuals present at the end of the experiment 
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Fig. 1. The proliferative effect of various dilutions of 3.4 benzpyrene. 


1 
x= y = mean value of the difference between the average 


concentration ; division rates of the experiments and of the controls. 
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TABLE II 
THE PROLIFERATIVE EFFECT OF METHYLCHOLANTHRENE DILUTED 1 : 3,000,000 
8 16 24 32 40 48 56 64 72 
hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs. 


’ Experiment ys —- 4 4 — 4 4 — 8 
SISTERS Conteck 1 _ 2 4 _ 4 4 _ 4 
ieaeiiiiin Experiment l — 2 2 - 4 4 — 8 
prene : Control i — 1 2— 2 4— 4 

: J Experiment ee 1 - 2 2 2 4 8 
SISTERS Control . oo. 1 — 2 2 — 4 


on every slide was taken then as the basis of the calculation, and by it 
the average division rate (A.D.R.) per day was calculated. The 
logarithm on the basis of two of the number was divided per three, i. e. 
the number of the divisions was divided by the number of the days. In 
all the cases the average has been made of the difference be- 
tween the A.D.R. of the experiment and the A.D.R. of the control 
When the experiment did not last for three days, the A.D.R. was 
calculated by dividing the number of divisions not to 3 but to the actual 
time of the experiment. 


EXPERIMENTAL 
Experiment I, 
Paramecia sisters were separated. ‘‘Paramecium-experiment” re- 
ceived four drops of a solution of 3.4 benzpyrene diluted 1:2 000 000 
in tap water. (Table I) 
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Fig. 3. The proliferative effect of 
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Fig. 2. The proliferative effect of 


y = mean value of the difference between the average 
concentration ; division rates of the experiments and of the controls. 
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TABLE III 
THE PROLIFERATIVE EFFECT OF 1.2.5.6 DIBENZANTHRACENE DILUTED 1 : 200,000 


8 16 


32 40 48 56 64 7 
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Experiment 11. 
The activity of different concentrations 3.4 benzpyrene. The 
technique as above. (Figure 1) 
Experiment [1/. 
The proliferative effect of 1.2.5.6 dibenzanthracene. The tech- 
above. (Table II, Figure 2) 
Experiment IV. 
The proliferative effect of 1.2.5.6 dibenzanthrancene. The _ tech- 
nique as above. ( Table III, Figures 3, 4) 
Experiment V. 
The effect of non carcinogenic hydrocarbons. The technique as 
above. (Figures 5, 6, 7 and 8) 
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Fig. 4. Comparison between the activities of 3.4 benzpyrene (B), 1.2.5.6 dibenzanthra- 
cene (D), and methylcholanthrene (M). 
1 
x = —_———_ y = mean value of the difference between the average 
concentration ; division rates of the experiments and of the controls. 
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Fig. 5. The effect of various Fig. 6. The effect of various 
dilutions of 1.4. diphenylanthracene. dilutions of 9.10.diphenylanthracene. 


1 
x= ———_ y = mean value of the difference between the average 
concentration ; division rates of the experiments and of the controls. 


Experiment VI. 

In order to see whether conditions which enhance the division rate of 
Paramecia affect or disturb the proliferative effect of the carcino- 
genic hydrocarbons, an experiment was made in which the technique 
was as follows: Working always with sister-animals a count was 
made each day, after which, one of the Paramecia was separated and 
put on a new slide in a new identical solution. This procedure was 
repeated every day. (Table IV) 
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Fig. 7. The effect of various Fig. 8. The effect of variow: 
dilutions of 1.4.9.10tetraphenylanthra- dilutions of chrysene. 
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x = y = mean value of the difference between the average 
concentration ; division rates of the experiments and of the controls. 
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TABLE IV 
THE PROLIFERATIVE EFFECT OF 3.4 BENZPYRENE DILUTED I : 2,000,000; THE 
MepiuM CHANGED Every Day 
Ist day 2nd day 3rd day 4th day 





Leteesees Experiment 4 4 4 4 
ee Control 4 2 4 4 
ents, Experiment 4 2 8 4 
santhinaans Control 4 2 2 2 


Experiment V/7. 
Paramecia-sisters were separated. “Paramecium-experiment” re- 
ceived four drops of 3.4 benzpyrene solution 1:2 000000 in tap 
water. ~ 
Then left in the thermostat without observation for eight days. 


(Table V) 


Paramecium-control” received four drops of tap water 


TABLE V 
THE PROLIFERATIVE EFFECT OF 3.4 BENZPYRENE DILUTED 1 : 2,000,000 
Number of 
individuals 
after 8 days 


eee 2 Experiment 152 
SISTERS 7 

Control 36 
me Experiment 350 
SISTERS Control 77 
Ae Experiment 274 
SISTERS Control 32 

RESULTS 


The experiments reported demonstrate that the three carcinogenic 
hydrocarbons 3.4 benzpyrene, 1.2.5.6 dibenzanthracene and methyl- 
cholanthrene have a stimulative action upon the multiplication of 
Paramecia. 

This effect varies in intensity in the three substances. Figure 4 
shows clearly that 3.4 benzpyrene has the strongest effect (+6, 63), 
methylcholanthrene has a lesser effect (40,29), an 1.2.5.6 di- 
benzanthracene still smaller yet (+0, 28). 

The same table shows us too that the maximal effect occurs in dif- 
ferent concentrations for the different substances. The optimal 
concentration for methylcholanthrene is 1:3 000000, for 3.4 benz- 
pyrene 1-:2 000 000, and for 1.2.5.6 dibenzanthracene 1:200 000. 

Another problem which we attempted to resolve in this work is the 
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problem of the specificity of the proliferative reaction to the carcino- 
genic hyrocarbons. It seemed important to us to verify whether 
hydrocarbons similar to the carcinogenic, but which do not posses the 
carcinogenic property have the same proliferative activity when 
applied in small doses. 

Our results are not complete, for they do not embrace a great number 
of substances sufficiently similar to the carcinogenic hydrocarbons. 
This question will be subject of further studies. 

The only thing we can state is that of the four non-carcinogenic 
hvdrocarbons examined not one had any proliferative activity in any 
concentration tested. 


SUMMARY 

1. A proliferative effect of three carcinogenic hydrocarbons, 3.4 
benzpyrene, methylcholanthrene, an 1.2.5.6 dibenzanthracene on 
Paramecia is described. 

2. The effect has different optimal concentrations for each hydro- 
carbon: 1:3 000000 for methylcholanthrene, 1:2000000 for 3.4 
benzpyrene, and 1:200 000 for 1.2.5.6 dibenzanthracene. 

3. In these optimal concentrations the intensity of the effect is differ- 
ent in the three substances. It is maximal for benzpyrene (+0, 63), less 
in methylcholanthrene (+O, 29), and in dibenzanthracene (+0, 28). 

4. Four non-carcinogenic hydrocarbons, 1.4.9.10 Tetraphenylanthra- 
cene, 1.4 diphenylanthracene, 9.10 diphenylanthracene, and chry- 
sene—have no such effect in any concentration tester. 

While this paper was being written, a new research appeared in ‘‘Nature”’ (July 1939 
Mottram, J. C. An increase in the rate of growth of Paramecium subjected to the blasto- 


genic hydrocarbon 3.4 benzpyrene.) in which the author states to have observed a 
protiferative effect of 3.4 benzpyrene diluted 1:1 000 000 upon Paramecia. 
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GROWTH OF PROTOZOAN CULTURES. I. DIS- 
TRIBUTION OF ORGANISMS ACCORDING 
TO INTERFISSION AGE 


By 
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(Now at Washington University, St. Louis) 


One of the most widespread measures of the condition of a protozoan 
culture, its vitality, is division rate. It is assumed in taking this 
measure that the organisms divide at regular intervals throughout the 
period of measurement. The purpose of this paper is to show the exact 
formulation of number of organisms within any interfission age limits 
at any time in such an ideal culture, to examine a few examples in 
which this knowledge is of use, and to indicate a possible refinement in 
the determination of division rate itself. 

If we let F(t, t) represent the number of organisms in a culture of 
interfission age t at time t, then the total number of organisms will be 


l/r 

N af. F(t, t)dt where 1/r is the maximum age of a single organ- 
ism (it divides upon reaching this age and yields individuals of age 
t= 0). Now consider individuals of age t, and let time be increased 
by an amount At with the restriction that t, + At < 1/r; then the 
number of organisms in this group has not changed since a change in 
number occurs only when t= 1/r. Thus 

F(t + At,t+ At) = F(t, t) (1) 
with the above restriction. For equation 1 to be true, F(t, t) must be 
a function of t — t, say G(u) where u = t — t. 

The equilibrium condition’ that the distribution of individuals as a 
function of their interfission age does not change with time is that in- 
dividuals of every age are increasing so that at any instant the number 
of individuals at,any given age is in the same ratio to the number of 
individuals at any other age as at any other instant, i. e., 
as Equilibrium condition in this case refers only to the distribution of interfission ages— 
the culture as a whole is growing exponentially. The conditions of equilibrium simply state 
the requirements for the only stable state in the culture—if any other distribution of inter- 


Tission ages existed, the variation in fission rates of individuals would soon change it toward 
that of this equilibrium distribution of interfission ages. 
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F(t, t,)/F(t, m) = G(w)/G(u — a) = constant where a = tT, — 1). 
That this be true requires that 

G’(u)/G(u) = G’(u — a)/G(u —a). (2) 
The nature of the function is now evdient for only the function k,e‘:" 
where k, and k, are constants has a constant ratio to its derivative re- 
gardless of the value of the function. Thus 

F(t, t) =G(u) =k,e's“~”’. (3) - 

If division is to form two daughters, then the doubling in number 
at age t = 1/r and the change to t = O gives the condition that 
F(t, 0) = 2F(t, 1/r). This condition permits one to determine the 
constant k,. It is found to be equal to rln2. 

To find k,, let N = N, when t = 0; then k, = 2rN,ln2. The com- 
plete equation for the number of protozoa in an equilibrium culture 
arising from a number N, also in equilibrium culture after a time t and 
between any age limits t, and t, is then 


= { ,” 2rN,(In2)2"e-""™dt =2N,2"(2-"1 —2-"2). si 
e 1 


The distribution of organisms according to interfission age in this case 
is shown graphically for two values of t in Fig. 1. Areas under the 
curve between any values of t represent numbers of organisms (equa- 
tion 4). The equation of course reduces to the familiar one for growth 
in such cultures of t, = 0 and t. = 1/r, i. e.. n= N = N,2™. 


Equation 4 should be particularly useful in studying growth of those 
organisms in which part of the interfission period is distinctly sepa- 
rated from another part such as is the case with those protozoa which 
have free-swimming and encysted states in the normal growth cycle. 
For example, consider the special case of a thriving (logarithmic 
phase) culture of Colpoda in which organisms encyst for two divisions 
so that four organisms emerge from the division cyst. (This cycle and 
others for Colpoda are illustrated in Fig. 1 of Brown and Taylor. 


, 4 P 
1938). In this case k, = arNln4 and k. = rln4 so that instead of 


equation 4 we have 
4 
:% 
Now if in an experiment we find the ratio of the free-swimming organ- 


isms to those encysted for division we may calculate the fraction of the 


n= N,4% (47°71 —47"2). (5) 
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interfission period involved in the cystment process. For example if 
90 percent are found to be free-swimming and 10 percent encysted, as 
is approximately the case for Colpoda duodenaria at 20°C., then from 
equation 5 we have 90/10 (4 "1—4°"2)/(4-"2 —47"3). Since 


er 0.81 . 
T, = 0 and t; = 1/r we may solve for t. and find it to be ,l.e., near- 


ly 1/5 of the interfission cycle is spent in division-cystment though 
the fraction of the organisms in the division cysts is but 1/10. This 
example is illustrated by Fig. 2 in which the number of Colpoda 
in the two phases is proportional to the areas under the curve. 
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Fig. 1. Interfission age frequency Pig. 2. Interfission age frequency 
isochrones for protozoan cultures in ex- isochrone for culture of Colpoda in ex- 
ponential growth. Fission in these cultures ponential growth 
is to produce two daughter cells. 





The error would be considerable in the above example if it had been 
assumed that “‘the frequency with which each size (age group in this 
case) occurs in the culture will be, roughly, inversely proportional to 
the length of time required to grow through that size” (quotation from 
Adolph, 1931, p. 26). 

In all the above considerations we have been concerned with groups 
of organisms in equilibrium cultures (see footnote 1) where interfission 
ages are distributed according to equation 4 (or 5). However if small 
numbers of organisms are selected at random from such a culture they 
may differ in interfission ages by as much as 1/r. Certainly the ac- 
curacy of a determination of division rate can be improved in cases in 





400 MORDEN G. BROWN 


which small numbers must be used if the interfission ages of the organ- 
isms in the initial inoculum are known. Suppose one selects a number 
of organisms of age T=1/r, just about to divide—the easiest age to 
determine by simple observation—and after a time T, with T>> 1/r, 
counts the number of individuals. What would then be the best esti- 
mate of r? 

It may be assumed that the same value for r would be obtained if one 
started with a group of protozoa all of the mean interfission age of an 
equilibrium culture as with a group of organisms in the equilibrium 
culture distribution itself. In this case the formulation is such as to 
correct for the fact that we have selected organisms of age 1/r instead 


—_ 0.443 — 
of the mean age, t = — for the case of fission to form two daugh- 


ters. Thus if we iniculate with P organisms of age 1/r 
N oor 2P2''t — 0.443/r) (6) 


’ : = , 0.443 
since the organisms divide once and must grow for the period ———— 
. 


before they are of mean age. Equation 6 may be rewritten in the more 
convenient form: 
3.36 0.680N 
_ lo 7 
r = —-log(—p—) (7) 
A similar formula is easily obtained for other cases, e. g. for Colpoda 
we collect organisms as they emerge from division cysts (t = 0); such 





. 0.38 , 
protozoa must grow for a period ss before reaching the mean age 


and hence the equation for fission rate (reciprocal interfission time) is 
= a. loa ee ). (8) 
SUMMARY 

1. The function for the number and age distribution of organ- 
ism in a protozoan culture in exponential growth is found to be 
n =2N,2"(27-"1—27"2) where n is the number of organisms be- 
tween interfission ages t, and Tt, at time t from an initial inoculum N, 
also in equilibrium distribution. 

2. Ina growing culture of Colpoda duodenaria at 20°C. the fraction 
of the interfission period spent in division-cystment is calculated to be 
about twice the fraction of number of organisms encysted at any 
instant. 
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3 For measurement of division rate in cases in which one uses a 


small initial inoculum it is suggested that organisms of known inter- 
fission age be selected. If the inoculum contains P organisms just 
about to divide and yields N organisms after a time T, then 


_ 3.32 0.680N 
= —#l0g(—p—). 


i 
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THE RETARDATION OF GROWTH BY 
DEUTERIUM OXIDE 
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The many reports of growth under exposure to deuterium oxide, 
collected in the papers of Meyer (’35), Barbour (37), and Davenport 
(’39) present a diversity of findings. The consequent uncertainty of 
interpretation makes seemly an inquiry into the growth reaction to 
deuterim oxide of an organism in which the chief expressions of de- 
velopmental growth together with those of maintenance and catabolism 
are exhibited in measurable duration. With such an organism is should 
be possible to ascertain not only where; but also from this possibly how, 
the influence if any is exerted. 

Such an animal is to be had in the colonial-living marine hydroid 
Obelia geniculata. Suitable colonies of this organism have potential- 
ities for 34 different growth expressions during a 24 hour course of 
experimentation, besides those for maintenance, regression, and cata- 
bolism. These have been described in detail elsewhere (Hammett ’33; 
35; Hammett and Elliot 35; Hammett and Schlumberger °37). 

Obelia is particularly useful in the present study. Its structural 
changes not only provide measures of the kind and extent of growth; 
but also by their persistence measures of the duration of the animals in 
any given developmental stage. 

The relatively high concentrations and consequent high cost of the 
deuterium oxide together with its apparent fugacity made necessary 
alterations from the technic usually employed in these obelia growth 
studies. Instead of open culture dishes containing one colony to a dish 
and 30 cc. of sea water, small closed petrie dishes were used containing 
5 or 10 cc. of sea water and two or three colonies to a dish. 

*This investigation has been made with the assistance of grants from the International 


Cancer Research Foundation and a grant from the Committee on Therapeutic Research, 
Council on Pharmacy and Chemistry, American Medical Association. 
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Experiments were rum with 0.5, 1.0, 2.0, 5.0 and 10.0 per cent 
deuterium oxide. In order to balance salinity an equivalent amount of 
distilled water was added to the sea water used for the control cultures. 
Tests and controls were run simultaneously under like conditions of 
temperature and illumination. The pH of test culture solutions as 
determined by indicators did not differ from that of the controls. Both 
tests and controls had the usual four changes into fresh sea water 
culture solutions during the 24 hour course of experiment. No 
significant loss of D,O under the above described conditions could be 
detected by the falling drop method of Barbour and Hamilton (’26) 
which is sensitive to°0.1% DO. With these procedures some 46 experi- 
ments were run with close to 27,000 animals, half of which were 
exposed to deuterium oxide in the stated concentrations. The results 
are given in Table I which is derived, constructed and analyzed as 
described in preceding reports (Hammett and Schlumberger ’37). 


The data give no evidence that any particular developmental activity 
is specifically affected by deuterium oxide. They do show quite 
definitely however that growth in general is retarded. 


TABLE I 
TREND OF TEST DEVIATION FROM CONTROL WITH RESPECT TO DEVELOPMENTAL AND 
METABOLIC ACTIVITY IN DEUTERIUM Cultures. ALSO THE NUMBER OF 
COLONIES, HYDRANTHS, AND GONOPHORES AT THE STATED CONCENTRATION 


Deuterium Oxide % 0.5 1.0 2.0 5.0 10.0 
No. Expts. 10 10 8 10 8 
Cont. Test Cont. Test Cont. Test Cont. Test Cont. Test 
No. Colonies 143 143 140 = 140 123 143 143 114 114 
No. Hydranths 2962 2970 2937 2945 : 2320 3021 3015 2418 2412 
No. Gonophores 291 274 192 219 ; 260 181 165 142 191 
GROWTH 


+ + 


+ 


: 64 3 
4 0 3 
3 4 

3 


Initiation 1 ~ 
Proliferation 0 3 
3 
2 


> 


Differentiation 
Organization . 2 
METABOLISM (By Single Experiment) 
Maintenance 3 «4 > & 2: & ¢ 
Catabolism 6 60 3 6 1 4 4 0 
METABOLISM (By Combined Experiment) 
Cont. Test Cont. Test Cont. Test Cont. * Cont. 
Regression 38.2 38.3 33.9 34.0 35.1 36.5 34.8 oy.8 
Catabolism 78.2 77.8 58.9 55.6 74.4 76.4 70.4 79.2 
Change in Percentage Regression 
0.3 4.0 —$,7 6.2 
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No one of the four major activities is retarded at all concentrations. 
but all are retarded at most. Thus:—initiation tends to be retarded in 
2 of the five sets and accelerated in but one; proliferation tends to be 
retarded in 3 and accelerated in none; differentiation tends to be re- 
tarded in 4 and accelerated in one; and organization also tends to be 
retarded in 4 and accelerated in but one. 

When the results from all percentages of D.O are combined it is seen 
that initiation is,less in 8 and greater in 9 of its 35 expressions; that 
proliferation is less in 21 and greater in 10 of its 40; that differentia- 
tion is less in 21 and greater in 16 of its 50; and that organization is 
less in 20 and greater in 11 of its 45. 

When the activities are combined according to concentration; test 
growth is seen to be retarded in 15 and accelerated in 6 of the 24 
potentialities at 0.5 per cent; less in 13 and greater in 13 at 1.0 per cent; 
less in 16 and greater in 7 at 2.0 per cent; less in 14 and greater in 6 at 
5.0 per cent; and at 10.0 per cent less in 12 and greater in 13. 

A threshold level of toxicity at 10.0 per cent deuterium oxide is sug- 
gested by the findings that regression increases and catabolism 
decreases sharply from that present in 5.0 per cent; but the evidence is 
too uncertain for decision. 

The growth retardation which occurs in concentrations below 10.0 
per cent is not a toxic retardation. The decision comes from the fact 
that there was here produced no great or consistent increase in regres- 
sion of the complete hydranths. In fact at the 5.0 per cent level 
deuterium oxide tended to produce an increase in duration of the com- 
plete forms. 

Catabolism also may have been reduced somewhat. It was less in 
the tests in 2 and greater in none of the five sets of experiments. It 
was less in 24 and greater in 19 of the 46 experiments. When the data 
are combined it is seen that the percentage of senile animals undergoing 
catabolic dissolution tended to be smaller in the tests in 4 of the five 
sets of experiments and larger in but one. The algebraic sum of the 
differences by themselves are clearly too small to be decisive; but when 
taken with the data as a whole they are suggestively consistent. These 
relations derive from the entire series of observations. When those ob- 
tained at 10.0 per cent concentration are omitted the evidence of general 
retardation is more marked. 
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Tt is useful to break the data down in terms of growing structure 
When this is done it is found that growth of the hydranths was 
decisively retarded at all developmental stages, and growth of the 
gonophores at all save differentiation. 

Regeneration from a broken pedicel on the other hand tended to be 
better in the presence of deuterium oxide. Stolon production exhibited 
a very mild trend in the same direction and stolon metaplasia was some- 
what enhanced. . 

These three growth expressions are linked by a common factor of 
reconstitution (Hammett ’36; ’36a) as is probably that of gonophore 
differentiation. The finding that reconstitution in obelia tends to be 
advanced in the presence of deuterium oxide is similar to the finding 
of Richards (’34) in yeast. Richards attributes the event to an un- 
favorable medium. Such cannot be invoked in this case however since 
the sign of unfavorable medium is lacking; i. e. there is no particular 
increase in regression. These divergencies do not detract in the slightest 
from the conclusion that deuterium oxide acts as a retardant of general 
growth expression in obelia. In fact they furnish subsidiary material 
for its interpretation. 

When all stages of developmental growth are held back or prolonged 
as in our experiments it is logical to suppose that either toxicity has 
intervened ; or that all processes concerned have been influenced in the 
same direction; or that some growth activity common to all has been 
affected. These three suppositions can be examined seriatim. 

Toxicity appears ruled out because increased regression of the com- 
plete hydranths is uncertain. 

Although the possibility that all processes are slowed down has 
elements of satisfactory interpretation, since both regression and 
catabolism exhibited lethargy at some points, decision is unsure in the 
face of weakness and inconsistency of these elements and the trend to 
enchancement of reconstitution in some expressions and its lesser re- 
tardation in others. 

The one and only growth activity common to all stages is anabolism 
or “constructive increment,—the building up through incorporation of 
material into and as of living substance.” (Hammett ’36a). 

Tt is possible that deuterium oxide acts as a brake on this specific 
srowth activity. Supporting this is the fact that the prolongation of 
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growth expression is greatest where in the normal course of develop- 
ment mass increase is greatest, i. e. in the growth expression from Bud 
to Half. Furthermore where anabolism is not specially concerned, 
retardation is less or non-existent, i. e—where reconstitution prepara- 
tory to new growth production is primary. 


To recapitulate: if it be assumed that deuterium oxide acts as a re- 
tardant of anabolism it would be expected that the duration of each of 
the chief developmental growth stages would be prolonged since each 
is factored by anabolic increment. This expectation is fulfilled. It 
would be expected that the stage in which anabolism is greatest would 
be the most prolonged and this expectation is fulfilled. It would, be 
expected that growth activities wherein anabolism is of meager weight 
would be less prolonged if not shortened. This expectation is fulfilled. 
It would be expected that regression would either show no reaction 
since neither toxicity nor specific dynamic effect are involved, or that 
it would tend toward prolongation since slowing of growth might in- 
volve a lessened call on maintenance activity under conditions such as 
these where no other energy expenditure is significant. Here fact again 
meets expectancy. Finally it would be expected that expression of 
catabolism would either be unaffected since its processes are essentially 
separate from those of growth; or hindered since opportunity for its 
expression might be reduced by delayed hydranth development. And 
this is just what happened. Thus all recorded events fall into place as 
sustaining the assumption of a specifically retarded anabolism as a 
major factor in the growth reaction of obelia to deuterium oxide. 


The non-toxic slowing of developmental expression which results 
from this retardation and the consequent lengthening of the period 
from birth to maturity gives compact confirmation of the early predic- 
tion that this compound would act to prolong living through slowing 
of its processes ( Barnes 33; Urey °34). The phenomenon of prolonged 
individual existence predicated on the lower energy content of deuter- 
ium as compared with hydrogen can, however, probably not be 
demonstrated as high in the phylogenetic scale as mammals. The 
complexity of the mechanisms involved tends to divert the net results of 
D.O action in the othe rdirection, as we are discussing more fully else- 
where ( Barbour and Hammett '40). 
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SUMMARY AND CONCLUSION 
Forty-six experiments with about 27,000 animals (Obdelia genic- 
ulata) half of which were exposed to deuterium oxide in concentrations 
ranging from 0.5 to 10.0 per cent showed that the four chief develop- 
mental growth activities of initiation, proliferation, differentiation and 
organization are definitely slowed thereby with no evidence of toxic 


reaction. 
It is concluded that the growth retarding influence is the result of a 
blocking of anabolism, in low forms of animal life. 
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Hammett ('29) has postulated that sulfhydryl is an essential 
stimulus to growth by increase in cell number. Furthermore Hammett 
(’30) demonstrated that the partially oxidized derivatives of sulf- 
hydryl retard such growth. That a naturally occurring chemical 
equilibrium exists between sulfhydryl] and its partially oxidized deriva- 
tives and that this equilibrium is a factor in proliferative growth has 
been corroborated by subsequent work. Complete references for which 
may be found in Chapman (’37). 

Drosophila present several problems not hitherto encountered in such 
studies and furthermore are admirably suited for all phases of growth 
investigation. The short life cycle and technique of rearing the flies 
do not require extensive apparatus nor a prolonged experimental period 
The relatively large cells and small size of the organism suggest the 
possibility of growth study among individual or groups of cells. High 
differentiation and specialization accompanied by metamorphosis 
presents aspects of growth not considered in usual mass or size studies. 
Two problems of immediate interest are the determination of the cause 
of moulting and the discovery of the chemical factors concerned in the 
regulation of metamorphosis. Moreover since so many facts are known 
concerning heredity in Drosophila, physiological factors of growth 


may well shed some light on the obscure points concerning causes of 
mutation, control of development, and gene expression. 

As an introduction to such studies, the object of this investigation is 
to test whether or not sulfhydryl is a factor in the growth in length of 
first instar larvae of the wild type of Drosophila melanogaster. It has 
been suggested by Alpatov ('29) that two mitoses occur during each of 
the 3 instars of the fruit fly. Trager (°35) found in Lucilia, another 
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cyclorrhaphan fly, that cells increase in size but not in number through- 
out the whole larval life. He assumes the condition in Drosophila to be 
similar although cell counts have not been made. In view of these 
observations, and the reported sulfhydryl effects, information as to the 
relation of sulfhydryl to growth in Drosophila larvae will be of 'par- 
ticular interest. 


MATERIAL AND METHODS 

A strain of wild type Drosophila melanogaster obtained from Villa 
Alba Laboratory of Delphi, Indiana was used in all experiments. 
Stock cultures were reared on banana agar medium kept at room tem- 
perature. For egg laying mass matings of approximately 10 pairs of 
flies were made in 4 ounce bottles, kept at 25+ 1°C for at least 72 hours 
before collecting the eggs. During this time, they were fed on fresh 
Fleishman’s yeast placed on spoons containing a modification of Pearl’s 
101 synthetic agar medium. This latter procedure is essential to pre- 
vent egg retention and to insure a sufficient quantity of eggs for each 
experiment. Age of laying flies was from 3 to 8 days after emergence. 
Standard sterilization procedure for glassware and spoons was main- 
tained throughout. 

Eggs were collected during 2 hour periods on small spoons made of 
Pyralin on which a 1% agar and glucose solution was spread with a 
bulb pipette. A drop of fresh yeast suspension was run over the agar 
sheet. Egg laying flies were also kept at 25+1°C, during egg collec- 
tion. 

Sections of agar containing 10 or 20 eggs were cut from the spoon, 
washed in water and in 2 changes of 85% alcohol for 10 minutes. In 
many experiments eggs were picked from the agar blocks with glass 
rods, washed again in alcohol and transferred to the culture dish with 
a pipette. Sterilization of eggs prevents mould, excess bacteria and 
enables food supply to be more accurately controlled. 


Larvae were reared in 74 centimeter petrie dishes in which was 
placed 10 cc. of Pearl’s S 101 medium, modified in certain particulars, 
plus a stated amount of test compound. Agar in the medium was re- 
duced to 1%. Monobasic potassium phosphate was omitted in the 
glutathione experiments. (Hammett and Chapman ’39). Where yeast 
was used measured amounts of fresh yeast suspension were spread over 
the hardened agar. Two grams of fresh yeast were added to 10 cc. of 
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water to form a thick suspension, of which 2 drops were added to each 
culture dish. This amount provided adequate yeast for the term of the 
experiment. Two drops of the same amount of yeast in 100 cc. of water 
were used for inadequate yeast feeding. 

Within 2 hours after laying 10 to 20 eggs were transferred to each 
culture dish which was kept at 25+ 1°C throughout the experiment 
Each set, test and control, was prepared with eggs taken from a single 
group of parents. Since all eggs do not hatch the number of larvae in 
each test and control is not uniform. No cultures where mould or ex- 
cessive bacteria occurred were considered in the results. 

At the end of the experiment larvae were instantaneously killed in 
hot water and measured according to the method of Alpatov (’29) 
Obviously misshapen or not fully stretched larvae were discarded. 
Measurements were made with a 2 mm. ocular micrometer divided into 
100 divisions. A Leitz microscope with a 10 ocular and 2 objective was 
used. All measurements are given in millimeters. 

Age of the larvae is considered from the median point of the egg 
laying period so that the actual age is = 1 hour. The length of mouth 
parts and the appearance of the anterior spiracles as determined by 
Alpatov (’29) are used as indices of the instars. 

Three series of experiments were performed. The first, in which 
glutathione, a natural sulfhydryal constituent of yeast, was added to 
the diet of the larvae. An inadequate supply of yeast was used in these 
experiments. In the second series, parathiocresol, a synthetic sulf- 
hydryl compound, was added to the medium plus ample yeast. In the 
third series, cystine disulfoxide, a partially oxidized derivative of 
cystine, was added to the culture medium. Both abundant and inade- 
quate yeast was fed in this series of experiments. Both of these 
compounds were of highest purity as prepared by Dr. Gerrit Toennies 
of The Lankenau Hospital Research Institute. 

Fresh solutions, both of Pearl’s medium and the test compounds were 
prepared for each experiment. Stock solutions of compounds were 
made in the following manner: 0.05 gm. of glutathione per 100 cc. of 
distilled water, 0.0038 gm. of parathiocresol to 10 cc. of 95% alcohol 
and 0.05 gm. of cystine disulfoxide per 100 cc. of distilled water. 
Equivalent concentrations of alanine, d-glutamic acid and glycine were 
used as control with the glutathione. Required amounts of stock solu- 
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tion were pipetted and vigorously stirred into cooled (44°C) culture 
medium which was then divided into the culture dishes. 
DISCUSSION AND RESULTS 

Experiments with Glutathione. Since recent experimentation has 
established that yeast plus salts and sugar is the chief if not the onlv 
natural food of Drosophila, the normal diet contains a high percentage 
of glutathione. Preliminary experiments showed that addition of 
GSH toa normal yeast diet does not significantly affect the length of 
the larvae. If however experiments were set up with a yeast supply 
inadequate for normal growth, those larvae which received extra GSH 
were significantly longer than the controls (Table 1). Cultures ‘of this 
sort were obtained either by adding a very thin suspension of fresh 
yeast to the agar or by adding no yeast except that carried by the washed 
eggs. According to chemical analysis the agar used contains 1.5% 
gelatin which may be used by the larvae as a source of protein in 
addition to the yeast. 

Glutathione sufficient to give a concentration of 1x10~‘ sulfur as SH 


was used in all experiments. A few sets using a concentration of 


TABLE I 
THE INFLUENCE OF GLUTATHIONE, PARATHIOCRESOL AND CYSTINE DISULFOXIDE ON 
LENGTH GROWTH OF DROSOPHILA LARVAE 


Experiments with Glutathione 
Age in Sets Control No. Test No. Average No. in 2nd 
hours average average % incr. instar 
length mm. length mm. 
1938 40 1.00 32 1.17 
” 1.23 46 1.28 
1.38 +4 1.41 
1.49 76 1.61 
” 1.76 80 1.87 . not recorded 
1939 0.95 61 1.05 
” 1.40 70 1.46 
Experiments with Parathiocresol 
1939 1.96 212 1.98 
” 1.51 76 1.60 
1.48 158 1.59 
1.22 90 1.29 
1.47 178 1.58 = CcC-—2 T-3 
Experiments with Cystine disulfoxide 
2.10 45 2.22 J not recorded 
2.11 168 2.19 é C—130 T—132 
1.96 92 2.12 C—62 T-—81 
1.37 80 1.30 
1.57 119 1.48 c-8 T-—5 
1.44 117 1.36 C-—6 T-9 
1.38 104 1.22 
1.37 82 1.30 


wt wne NOwe wre 


| PNOWe wn ee 


C— control, T— test 
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7.5x10°-* were frequently effective in accelerating growth but not 
generally so. Slightly higher concentrations apparently retard rather 
than accelerate growth. An experiment performed in the summer of 
1939 using a solution of GSH 48 hours old also showed retardation. 
This agrees with the results obtained by Hammett (’29) with old solu- 
tions where partial or complete oxidation has occcurred. 

Experiments 1 and 2 of Table 1 used Pearl's medium plus an equal 
amount of yeast as a control. The remaining experiments were run 
with a control containing equivalent amounts of alanine, d-glutamic 
acid and yeast. 

Several factors aside from age contribute to the variation in length 
shown by the larvae in the different experiments. A few individuals 
in experiment 5 were in the 2nd instar but records were not kept of the 
exact number. Growth of yeast in experiments 1 and 6 was very slight 
so that larval growth was much retarded. Methods of pre-feeding egg 
laying females and egg collection were not as perfected in these ex- 
periments as in the later one so that the numbers of individuals involved 
and the amount of food available is more variable. Despite these facts 
only 2 of the 27 sets showed less growth in length of test than in 
control. 

It is interesting to note that in experiments 1 and 6 where the least 
growth of both test and control occurs, there is a greater per cent of 
increase of test over control. This seems to indicate that a greater 
response occurs in cells whose supply of GSH is extremely inadequate. 

These experiments also illustrate the sensitivity of the larvae to food 
supply. Adequate yeast controls run with all these experiments showed 
that the normal length of larvae averaged as follows: 


40 hours 1.33 mm. 
45 hours 1.64 mm. 
48 hours 1.92 mm. 


The average length at hatching was 0.78 mm. Approximately 75% of 
the 48 hour larvae are in the 2nd instar. With inadequate food larvae 
can live several days with but slight increase in length. In fact even 
in sterile medium larvae live at least 24 hours. 

Experiments with Parathiocresol. Parathiocresol at a concentration 
of 1.2x10~* of sulfur as SH is effective in accelerating the growth in 
length of Drosophila larvae. This compound is effective under con- 





414 LOUISE PALMER WILSON 
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ditions of adequate yeast: supply. Experiment 1 contained 7 culture 
dishes to which a minimum amount of yeast was added and 7 dishes 
where abundant yeast was present. The same control was used for both. 
The result of the sets with inadequate yeast was an average of 2.9% 
increase in length of test over control. Those cultures with adequate 
yeast showed an increase of 1.1°%. The measurements in the former 
were much more variable. Since significant stimulation had been ob- 
tained in most sets with adequate yeast, the remainder of the 
experiments were run with a heavy suspension of yeast added to each 
culture dish. 


Table 1 shows the results of these experiments. Two sets out of 36 
showed a retardation of test when compared to control. However, as 
is shown in the table every experiment showed an average increase of 
test over control. Since a high percentage of moulting has occurred 
after abundant feeding for 48 hours, measurements were made at 45 
hours in experiments 2 to 5 inclusive. It is interesting to note also that 
in most cases less acceleration occurs where the longer length has been 
attained just as was the case in the glutathione experiments. 


Experiments with Cystine Disulfoxide. Experiments 1 and 2 of 
Table 1 were set up in the usual manner, with 1.2x10~‘ sulfur as disulf- 
oxide in cystine disulfoxide used in the tests. Contrary to expectations 
growth in length of the tests was accelerated over those of the control. 
Pearl’s medium is acid and yeast maintains and increases this acidity. 
It has been shown that cystine disulfoxide is unstable under acid con- 
ditions (Lavine °36). The hydrogen ion concentration in experiment 
3 was therefore decreased to pH 7.6 by addition of 0.1 N. NaOH. 
Within 48 hours yeast growth had increased the hydrogen ion concen- 
tration to pH of below 5 in both test and control. Larval growth in 
length in the test had again showed acceleration over the control. 


It seemed advisable then to add yeast sparingly rather than 
abundantly and at the same time use an alkaline medium (Hammett 
'29). The culture medium in experiments 4 to 8 inclusive was rendered 
alkaline (pH 8.2) by addition of 0.1 N. NaOH and a very thin 


suspension of yeast added to the agar in measured amounts. Under 


these conditions retardation of growth was extremely uniform in the 
tests and the effect of the disulfoxide was apparent. 
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The concentration of sulfur as disulfoxide in all experiments is 
1.2x10~*. Sets of tests were run with experiments 2, 3, and 4 in which 
there was was a concentration of 1.2x10~°. In the alkaline medium 
this concentration was toxic in that few larvae survived. In the case of 
the acid medium no significant acceleration or retardation was shown. 
This fact may perhaps be explained in that a balance of toxic and 
acceleration factors resulted in no change of rate. 

General Considerations. Few experiments have been concerned with 
chemical factors related to growth in Drosophila. Investigation of 
vitamin requirements were made by Bacot and Harden (’22). Thyroid 
gland was fed by Reznitschenko (’26) who noted no effect on rate of 
growth or metamorphosis. On the other hand Alpatov (’29a) found 
that thyroid feeding accelerated growth of larvae. Early experiments 
were concerned with food requirements, reviewed by Bridges (’33). 
More recent experiments reported here indicate that it is possible to 
study growth and differentiation of Drosophila by varying chemical 
factors in the culture medium. Such a procedure has been successful 
with the flesh fly and the mosquito (Hoskins and Craig ’35) and for 
Drosophila (Tatum ’39). 

The cuticle which covers Drosophila larvae after once being formed 
cannot grow in surface area. It is much folded and stretches so that 
the insect increases gradually in length. There is however a sudden 
increase at ecdysis so that in experiments where a larger number of the 
larvae are in the 2nd instar the average length seems disproportionately 
long. In every case as in cystine disulfoxide experiment 2, test and 
control have similar numbers of 2nd instar larvae. 

Little is known about the penetration of substances through the body 
surface and glands and pores of the cuticle. Hoskins and Craig (’35) 
cite experiments to show that chitin is not nearly so impermeable as had 
been thought. That sulfhydryl and sulfoxide may exert their effects 
by absorption through the cuticle as well as through ingestion need not 
then be entirely ruled out. 

These experiments give no indication as to whether any acceleration 
of pre-hatching embryonic growth has occurred. Considering the 
general impenetrability of tre egg, it seems very doubtful that any 
penetration of the egg by these compounds could occur. 

Percentage differences in length as shown in these experiments are 
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valuable only that they show acceleration or retardation rather than 
exact differences. Until a truly synthetic diet is devised for the fruit 
fly it will be extremely difficult to perform controlled experiments on 
growth. Variations are great even under the most ideal conditions. 

These is no experimental observation here to indicate whether cell 
proliferation is concerned in this growth variation. Since it has not 
been demonstrated that SH stimulates increase in cell size and there is 
evidence that it stimulates cell proliferation, it seems only logical to 
assume that here we are dealing with an increase in cell number, as well 
as the normal growth of cell mass. Such an increase might occur in 
certain organs which persist into the adult. On the other hand if all 
the cells divide during a single instar some might be more sensitive to 
stimulation than others and thus increase the length by cell division. 
Consideration of these aspects should be reserved until actual cell study 
can be made. 

The results, however, do present evidence that sulfhydryl compounds 
stimulate growth in length in Drosophila larvae and that their partial- 
ly oxidized derivatives retard such growth. 


SUMMARY 

Growth of length in Drosophila melanogaster larvae of the first 
instar is stimulated by glutathione and parathiocresol in concentrations 
of 1x10~‘ sulfur as SH. 

Such growth is retarded by cystine disulfoxide in alkaline medium 
but accelerated in acid culture medium using 1.2x10~‘ concentration 
of S. 

The work was done at The Marine Experimental Station of The 
Lankenau Hospital Research Institute, North Truro, Massachusetts. 
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INTRODUCTION 

Hammett has reported the stimulating effect of a number of 
compounds containing the sulfhydryl group on regeneration in Cly- 
menella ('33), Nereis ('33a), and Pagurus (’32). These and 
observations on others forms ('29; '31) have led him to postulate that 
the SH group is a naturally occurring chemical stimulus to cell 
proliferation. Work with oxidized and suboxidized derivatives of this 
group (’30) has demonstrated a retarding effect on proliferation. This 
retarding effect may be reversed in acid media ( Wilson ’39), probably 
due to hydrolysis and dismutation of the 1-cystine disulfoxide used 


(Lavine 36). That such changes may occur in the body is demon- 


strated by nutrition experiments ( Bennett '39) in which, for instance, 
three molecules of cystine disulfoxide can replace one molecule of 
cystine. The relation between SH compounds and their derivatives as 
they occur in the body is as yet not adequately worked out. Brachet 
(’38) reports local changes in sulfhydryl proteins during the develop- 
ment of amphibians. Chapman ('38) observed local increase of free 
SH as determined by nitroprusside in the proliferating buds of Ode/ia 
geniculata. Hammett and Chapman ('39) established a_ positive 
correlation between proliferation activity and SH concentration in root- 
tips of sprouting beans. 

The following work was undertaken on the regenerating tadpole tail 
with a view towards correlating the data on amount of tissue regener- 
ated, cell number, and mitotic activity when the animals were cultured 
in solutions containing a relatively stable SH compound, parathiocre- 
sol, and a partially oxidized derivative thereof, ]-cystine disul foxide. 
Both compounds were prepared in highest purity by Dr. Gerrit 
Toennies of The Lankenau Hospital Research Institute. 
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PROCEDURE 

Young Rana pipiens tadpoles of uniform size were used . Approxi- 
mately equal areas of tail were amputated from each by a cut at right 
angles to the body axis. About one-third of the tail was amputated. 
Equal numbers of animals were then assigned to test and control cul- 
ture dishes. The culture medium of all sets of animals except F 
(Table 1) was tap water of pH 7.4. Set F was cultured in pond water 
of pH 6.8, filtered through gauze. Size and shape of culture dishes 
were identical, the amount of fluid in test and control was the same. 
and dishes were so alternated as to receive the same illumination. 
Culture water for test and control dishes was drawn from the same 
source at the same time. 

The test culture solution was made up to a concentration of 2x10~° S 
as SH in parathiocresol. This order of concentration has been shown 


TABLE I 
THE AMOUNT OF TAIL REGENERATED WITH AND WITHOUT 
PARATHIOCRESOL IN THE CULTURES 


Control (82) Test (84) % Adjusted Areas 


Set No. Av. Area No. Av. Area Diff. Factor Control Test Mean 

A 8 58.3 8 68.0 16.6 9.16 534.0 622.9 Cont. 534.0+11.2 
B 8 95.0 7 113.3 19.3 5.62 533.9 636.7 Test 600.0+ 12.4 
Cc 6 24.5 8 37.3 52.2 21.80 534.1 813.1 % Diff. 12.4 

D 13 35.2 14 37.8 7.4 15.17 534.0 574.6 Diff. 66.0 

E 13 41.5 12 44.2 6.5 12.87 534.1 570.2 P. E. Diff. 17.1 

F 34 534.0 35 559.0 4.6 1.00 534.0 559.0 D/P.E:D. 3.9 


stimulating to proliferation in other forms (Hammett ’34). Higher 
concentrations in preliminary experiments had a somewhat toxic effect 
on the test tadpoles. The SO culture in Set F was 1x107° S as SO in 
cvstine disulfoxide. 

It was considered unnecessary to buffer the tap water cultures since 
the fresh cultures with and without parathiocresol gave no detectable 
difference in pH as determined colorimetrically (7.4+0.1). In Set F 
the pond water cultures of SH, SO, and control gave identical pH 
values of 6.8+0.1 when fresh, dropping to 6.50.1 in all three cases 
on standing for four hours. 

All animals were transferred to clean dishes of fresh culture solution 
four times in twenty-four hours. After three to six days the amount of 
tail regenerated was measured in the living animals by making camera 
lucida drawings and determining the area with a planimeter. 
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In Set F, after measurement of the regenerated area in the tails of 
the living tadpoles, the whole animals were fixed in Bouin’s solution 
and stained with Harris’ haemalum. The tails were then cut off close 
to the body and whole mounts were made for further observation. The 
regenerated areas were again determined as before. The num- 
ber of epidermal cells in an ocular micrometer field in standard areas 
of the regenerated portion of the tail was counted. At the same time 
the number of mitoses in a unit micrometer field were counted and 
further divided into prophase, metaphase, anaphase, and _ telophase. 
Linear measurements of the width of the tail at the point of cutting and 
the maximal length of the regenerated portion could be measured from 
the camera lucida drawings. 


The manner of determining the original level of cutting after a con- 
siderable amount of regeneration had taken place deserves some 
explanation. It would be possible to measure the distance of the cut 
from a fixed point on the body at the time of cutting for each animal, 
but since the tadpoles are still growing and changing their bodily pro- 
portions, this would give rise to erroneous values. Likewise, one might 
take the original level of cutting to be a straight line between the two 
persisting indentations on the dorsal and ventral edges of the regener- 
ating tail. But if one observes the tail during the first forty-eight 
hours after cutting, it is seen that there is some over-riding of these 
marginal portions, extending at first even beyond the irregular patches 
of cells which are the precursors of the regenerated portion. Similarly, 
the width of the notochord and nerve cord shades off gradually into 
the regenerating region after a few days, so that an accurate measure- 
ment cannot be made here. Therefore, in these experiments the 
original level of cutting was taken to be the posterior edge of the 
orderly arrangement of muscle blocks or myotomes on either side of 
the nerve and notochord. Although it might be argued that dedifferen- 
tiation of the muscle cells might cause this measurement to be 
erroneous, the edge of the muscle block, especially in the stained whole 
mounts, showed a clean cut at right angles to the body axis even after 


five or six days. 
RESULTS 


Regenerated Area. Table 1 is a summary of the observations of six 
sets of animals of which eighty-four were cultured in parathiocresol 
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solution and eighty-two were used as controls. In all six sets the test 
animals show an increase in regenerated area over the controls, varying 
from 4.6 to 52.2 percent. The variability in each set was so great and 
the the number of animals so small that the individual sets could not 
be treated statistically. The average areas are given only in relative 
units, since the camera lucida magnification was different in some of 
the sets. In order to analyze statistically the difference between the 
test and control animals the following procedure was used: The aver- 
age area of the control in Set F was taken as a standard. This value 
was then divided by the average area of the controls in each of the other 
sets to give a factorshown in Table I. The original value for the area 
in each individual animal, both test and control, was then multiplied by 
the factor for that set to give the adjusted area, and the means, standard 
deviations, and probable errors of the adjusted areas for all animals 
were then found. The mean adjusted area of the control animals was 
found to be 534.0, with a probable error of 11.2. The mean adjusted 
area of the test animals was 600.0 with a probable error of 12.4. The 
difference was 66.0, and the percent difference of tests over controls 
was 12.4. The probable error of the difference of the means was found 
to be 17.1. The difference of the means was 3.9 times greater than the 
probable error of the difference, and may therefore be considered 
significant. Even without this analysis the trend in all six sets of 
animals is toward an increase in regenerated area for the animals cul- 
tured in parathiocresol. 

Cell Proliferation. Although the amount of tail regeneration is 
demonstrably greater in the parathiocresol cultures, the question arises 
as to whether this is an expression of increased cell proliferation. The 
analysis in Table I1 indicates that this is so, and, conversely, points to 
a reduction in proliferation in I-cystine disulfoxide culture correlated 
with the reduction in regenerated area. 

Let us consider Table II point by point. The average width at the 
point of cutting differs by less than one percent in the tests and con- 
trols. This is important, since the greater the amount of tail amputated 
the more rapid will be the regeneration, and the width at the level of 
cutting is a measure of the amount of tail amputated. 

Although the mean width at point of cutting is practically the same, 
the maximum length of the regenerated portion is greater in parathio- 
cresol than control, and less in l-cystine disul foxide. 
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If the individual values for linear regeneration are divided by width 
at point of cutting, the SH group is still greater, the SO group less than 
control. 

If regenerated area is taken, there is an increase in SH, a decrease 
in SO. 

If the epidermal cells per unit micrometer area are counted in the 
regenerated area of the tail, the number is found to be larger in SH, 
smaller in SO. That is to say, the cells are smaller in SH, larger 
than control in SO. 

If the number of cells per unit area is multiplied by the area of 
regeneration and then divided by the area of the micrometer field, a 
value is found expressing the total number of epidermal cells in one 
of the two layers in the regenerated area. In total cells there is an 

TALLE II 


ANALYSIS OF FIXED AND STAINED WHOLE Mounts OF SET F WITH REGARD TO 
AMOUNT OF TAIL REGENERATION AND RELATIVE NUMBER OF CELLS. 


SH—C SH Control so so—¢ 
No Animals (33) 33) (31 
% Diff. Mean Mean Mean Diff. 
Width (mm. ) 0.7 1.38 1.39 1.38 0.7 
Length (mm. ) 4.2 1.00 0.96 0.93 3.1 
Length/ Width 4.6 0.725 0.693 0.678 2.2 
Area (sq. mm.) 2.6 0.78 0.76 0.71 6.6 
Cells/Unit Area (.16 sq. mm.) 10.0 604.1 $49.3 540.6 1.6 
Mitoses/Unit Area (.16 sq. mm.) 2.7 8.44 8.22 8.74 6.3 
Prophase/Unit Area 24.8 1.56 1.25 1.35 8.0 
Metaphase/”” ”’ 13.7 2.74 2.41 2.48 2.9 
Anaphase/ °° 34.4 1.76 1.31 2.32 77.1 
Telophase/ *’ — 26.8 2.38 3.25 2.58 20.6 
Mitoses/1000 Cells — 5.3 14.4 15.2 16.3 7.2 
Total Cells in Regenerated Area 11.3 2945.0 2609.2 2398.9 8.1 


increase in SH of 11.3 percent over control, a decrease in SO of 8.1 
percent. Therefore the rate of proliferation has been greater in SH 
and less in SO, since under the conditions of the experiment the tails 
presumably had the same number of cells to start with. 

When one comes to count mitoses, however, the data are somewhat 
confusing. The number of mitoses per unit area is greater in both SH 
and SO, but when considered in relation to the total number of cells 
in the region (mitoses per 1000 cells), there are fewer in SH and more 
in SO. Furthermore, the relative proportion of the various stages of 
mitoses found in each group is altered: in SH and SO. It would be 
only fair, however, to point out that the number of mitoses counted was 
small and the variability from tail to tail great, so that the differences 
recorded cannot be shown significant. 
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SUMMARY AND CONCLUSION 


1. In six different sets of tadpoles of Rana pipiens of which the test 
animals were cultured in 2x10~° S as SH in parathiocresol, the area of 
tail regenerated was found to be greater in the test cultures in all cases. 
The over all increase of test over control was 12.2 percent, which was 
found to be statistically significant. 

2. In one of these sets two test groups were compared with controls, 
one in 2x10~° parathiocresol (SH) and the other in 1x10~* I-cystine 
disulfoxide (SO). The SH animals showed an increase in linear re- 
generation, area of regeneration, number of cells per unit area, and 
total cells in the regenerated area, while the SO animals showed cor- 
responding decreases. 

The evidence presented shows that the compound parathiocresol in 
low concentration in the culture medium can speed up proliferation in 
the regenerating tadpole tail, and suggests that l-cystine disulfoxide 
may have a retarding effect in proliferation. This alone does not prove 
that the SH group itself is responsible for the stimulation in one case 
or the SO group for retardation in the other. But when added to the 


evidence already provided by Hammett and others in the cases of a 
number of other compounds, it helps to confirm the contention that SH 
takes part in some process concerned in cell increase in number, and is 
opposed in its action by the presence of its oxidized and suboxidized 
derivatives. , 


The author is indebted to Dr. F. S. Hammett for kindly advice and 
direction, and to Miss Kathryn Hyde for technical assistance. The 
experiments were done at The Marine Exerimental Station of The 
Lankenau Hospital Research Institute, North Truro, Massachusetts. 
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Although it is now well established that a function of the sulfhydryl 
(—SH) group is specifically associated with cell increase in number, 
exact knowledge as to the mechanism whereby this or any other 
SH-function is exercised is lacking. A step towards gaining such 
knowledge would be had if the point of influence of SH on cell division 
were known. 

Hitherto the observations, save those made on bacteria, have been 
made with nucleated cells. Because of the demonstration that —SH is 
concentrated in the nucleus (Hammett ‘28; ’29; Hammett and Justice 
29) and other data (Voegtlin and Chalkley °30; Chalkley °31; 
Rapkine ’31; Hammett °34) there is implication that nuclear partition 
is particularly involved. An investigation into the proliferation re- 
action of such non-nucleated cells as the blue-green algae is therefore 
obviously an essential step in establishing the point of influence of this 
chemical group on cell division (Hammett '33). 

MATERIAL AND METHODS 

For this study three species of the cyanophytic myxophyceae were 
used, viz. Chroococcus, Anabaena, and Phormidium. 

The Chroococcus came from Dr. E. G. Pringsheim and is a non- 
filamentous single-celled species which may occur in clumps of 2, 4, 6, 
8, and 16 cells within the distended sheath of the mother cell. The 
Anabaena came from Dr. Lois Illick and is a multicellular species in 
which the little round cells occur in sheathed filaments or in chains; 
it also differs from the other two species in that it shows cellular dif- 
ferentiation by producing heterocysts and akinetes, both of which are 
always intercalary in origin. The Phormidium which came from Dr. 
E. G. Pringsheim is also a multicellular species, but the cells are box- 
shaped instead of round, and occur as unbranched trichomes enclosed in 
a watery gelantinous sheath. 
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As might be expected quantitative growth study demanded separate 
culture technic for each species. Although this has been described 
elsewhere (Walp ’40) some repetition here is desirable. 

The basic stock cultures were grown on agar made up in Bristol solu- 
tion. Secondary stock cultures were made by transferring colonies to 
Bristol’s liquid solution. From these were taken the cells for the 
growth study as hereinafter described. Bristol’s solution contains 1.0 
gram KH.PO,; 1.0 gram NaNO; 0.3 gram MgSO,; 0.1 gram CaCl, ; 
0.1 gram NaCl; and a trace of FeCl; per liter. It has a pH of 4.8. 
The solid medium is made by adding 1.5 gram agar to the foregoing 
(Coyle ’35). FeCt,; was omitted in these experiments because of its 
oxidizing action on —SH. 

In all experiments thrice-distilled parathiocresol was the source of 
SH. This compound is used by preference because of SH-stability 
which probably derives from protective action of the methyl-phenyl 
radical to which it is attached. Solutions of the compound prepared 
under the meticulous care described by Hammett and Hammett (’32) 
were added to the test cultures to make concentrations ranging from 
1 X 10-7 to 1 X 10°* S as SH. Equal amounts of sterile Bristol’s 
solution or sterile distilled water were added to the controls as the case 
required. Fresh parathiocresol solutions in sterile distilled water were 
made daily, sometimes thrice daily. Tests and controls were run under 
identical conditions of temperature, illumination, humidity, and pH. 
Cresol controls were not run since these have been shown unnecessary 
(Reimann 730; Hammett and Hammett ’32). Test counts alternated 
with control throughout the recordings. 


Since cell counts of mass culture aliquots are spurious indices of cel! 
population because uniform distribution is impossible, and since hang- 
ing drop preparations do not lend themselves to solution change 
without loss of cells, other culture methods had to be devised. 


For Chroococcus we used tiny boxes made by attaching to cover- 
glasses bits of uncoated 16 mm. cinema film containing one of the rec- 
tangular perforations common thereto. The film was generously 
supplied by Dr. C. E. K. Mees, Director of Eastman Kodak Company. 
It was first cut into convenient strips and soaked over night in distilled 
water. After drying it was roughened with sand-paper and coated 
with 62° paraffin. Single boxes were then cut from the strip and placed 
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on clean, sterile glass cover-slips, one box to a cover-glass, and attached 


thereto by gentle warming. 

Preliminary trials showed that Chroococcus will multiply and re- 
main in good condition in sterile distilled water. Therefore cellular 
dilutions were made in this medium the day before each experiment 
was to be set up. On the day of experiment from 10 to 20 cells were 
transferred therefrom with a micro-pipette to each of the little boxes. 
The requisite amount of 1 X 10~‘ parathiocresol was then added to the 
tests and an equivalent amount of distilled water to the controls. The 
preparations were kept in moist chambers—tests and controls separate— 
to prevent evaporation. Somewhat before the time set for adding fresh 
solution—which was done three times a day—the cover-glasses were 


TABLE I 

INNFLUENCE OF SH ON CELL INCREASE IN NUMBER OF THREE SPECIES OF MYXOPHYCEAE 
(BLUE-GREEN ALGAE) 
TOTALS AVERAGES AV. PERCENTAGE 
Specie Initial Terminal Initial Terminal Increase Diff. 

Cont Test Cont Test Cont Test Cont Test Cont Test C-T 
Chroo, 118 112 108 116 23.6 22.4 21.6 23,2 —10.4 13.0 23.4 
Chroo. 78 49 176 192 19.3 12.3 44.0 48.0 153,2 317.5 164.3 
Chroo, 152 190 222 387 25.3 31.7 37.0 64.5 46.6 111.2 64.6 
Chroo. 118 79 178 165 23.6 19.8 35.6 41,3 §3.5 175.3 121.8 
Chroo. 167 155 390 «= 456 23.9 25.8 55.7 76.0 139.3 203.9 64.6 
Anaba. 454 583 976 1590 64.8 72.9 139.4 198.8 144.6 202.6 58.0 
Anaba, 700 837 925 1294 100.0 93.0 132.1 143.8 43.1 58.9 15.8 
Anaba. 882 1115 1156 1777 98.0 111.5 128.4 177.7 33.9 61.3 27.4 
Phorm. J 539 400 583 530 67.4 50.0 72.9 66.3 10.5 39.6 29.1 
Phorm. 615 582 692 816 68.3 64.7 76.9 90.7 13.3 43.7 30.4 
Phorm. 579 685 673 913 57.9 68.5 67.3 91.3 19.2 34.9 15.7 


Experiments numbered 2; 6; 7; 8; 9; 10; 11 ran 72 hours. 


removed from the chamber and evaporation allowed to take place there- 
from; but not to dryness. The water and SH so lost from the tests was 
replaced by SH solution, and that lost from controls by distilled water 
The cells were counted after 24, 48, and 72 hours depending upon tem- 
perature and sunshine. The results are given in Table I. 

Anabaena being filamentous did not adapt itself to the paraffin boxes, 
thus a simpler method was devised. A characteristic of this plant is 
that it grows nicely on the surface of glass containers when cultured in 
Bristol’s solution. Advantage was taken of this property to obtain 
small cell-clusters for the quantative proliferation study. Clean cover- 
glasses were broken into tiny fragments, washed, and so distributed on 
the bottom of a clean 9 cm. petri dish that no overlapping occurred. 
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The preparation was sterilized by heating at 140° C for two hours. 
This also attached the fragments to the dish so that but one surface was 
available for algal deposition. Some days before set-up a dilute culture 
was prepared by transferring portions of the younger peripheral 
growth on agar to Bristol’s solution under sterile conditions. This was 
given an occasional gentle shaking to break up clumps. Portions were 
gently poured over the glass fragments in the petri dish. After 24 to 
48 hours little colonies became attached to the glass bits. This accom- 
plished, single Anabaena-bearing fragments were transferred to deep- 
welled hollow glass slides—one to each—and the experiment begun. 
The hollow of the control slides was filled with Bristol’s solution; that 
of the tests with Bristol’s containing from 2 to 5 X 10-*Sas SH in 
parathiocresol. Solution changes were made thrice daily taking care 
that the cells would not be disturbed. The cells in all slides were 
counted at the beginning and after 72 hours. This interval was found 
to be that usually necessary for adequate multiplication. The results 
are given in Table 1. 


Phormidium, being possessed of oscillatory activity in liquid media 
required the quieting influence of agar culture for quantitative study of 
its proliferation capacity. The control hollow slides were prepared by 
coating the bottom of the well with a thin layer of agar made in Bris- 
tol’s solution. The test slides had the same Bristol's solution agar plus 
2 X 10-* S as SH in parathiocresol. The latter was added when the 
agar had cooled to about 44° C (Wilson ’39). As usual, a dilute Bris- 
tol’s solution culture of Phormidium was prepared from stock agar 
culture some days before experiment set-up in order to permit acclimati- 
zation and adjustment to a new medium. From this samples were 
taken with a very fine micro-pipette. These were inplanted in a groove 
in the thin agar plate of the hollow slide by drawing the top of the 
pipette across its surface. Sterile distilled water was gently added to 
the controls and the same plus 2 X 107° S as SH to the tests. The solu- 
tions were changed thrice daily as usual, care being taken to not disturb 
the agar plated cells. Cell counts were made at the beginning and after 
72 hours. The record is given in Table 1. 


RESULTS 
In Table 1 are given the number of cultures of each species in each 
experiment ; the total and average number of cells at the beginning and 
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end of the period of observation ; and the average percentage increase in 
cell number of controls and tests, together with the figures for the test 
difference from control. The average percentage increase of the cul- 
tures in each experiment was taken as the more reliable value rather 
than the percentage increase in total or average number of cells. The 
direction of deviation is the same in all three comparisons however ;—it 
is only the degree which differs. 

The data indicate without exception that cell increase in number was 
greater im the cultures to which sulfhydryl had been added than 
in their controls. 


DISCUSSION 

These results are not to be underestimated. They not only demon- 
strate that SH acts to stimulate cell proliferation in three additional 
species; they also demonstrate that the reaction is not dependent upon 
a formed nucleus or mitotic activity. 

The extension of observation to three additional species is consistant 
with the original assumption of universality of the postulate that sulf- 
hydryl is naturally occurring chemical stimulus peculiarly essential 
to cell increase in number (Hammett '29). 

Since these cells which are stimulated to increased multiplication 
activity by SH are devoid of nuclei it is clear that the inference of a 
primary nuclear reaction in the sense of a division of a formed nucleus 
is untenable. This holds. for amitotic division as well as for 
karyokinesis. It is therefore evident that the point of influence of SH 
is on some process which is not confined to nuclear division but is more 
basic and universal. 

Although the myxophyceae are non-nucleated they apparently are 
supplied with chromatin or some substance allied thereto, and as Haupt 
(’23) has shown for Anabaena cell division is accompanied by a shift 
in distribution of this cellular constituent. 

Assuming this is true for the Class, the possibility persists that SH is 
primarily of influence on some process specifically concerned in 
chromatin particulation—as discussed in brief elsewhere (Hammett 
°34)—and hence with nuclear division when this is in order. Pertinent 
is the report of Chalkley (’31) that nuclear division without cytoplas- 
mic division may be enhanced in amoeba by SH. Of value would be 
inquiry into the nuclear reaction of the Myxomycetes to the group 
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(Hammett ’33). Such experiments would have to be done with the 
greatest care and meticulous technic. They should not be attempted by 
anyone unfamiliar with the chemistry of SH and its sensitivity. 

Despite the foregoing evidence, omission must not be had of the 
possibility that SH is of particular influence on some process concerned 
in cytoplasmic rather than chromatin division; and the possibility that 
the group is essential to some process common to both. Full discussion 
will be reserved until chemical investigations now in progress are 
further along. 

Regardless of their outcome the fact here demonstrated that SH is 
significant to some proliferation process common to non-nucleated as 
well as nucleated cells, sustains the validity of the idea that the group 
is of specific importance to cell increase in number wherever found and 
of whatever expression. Supporting evidence of recent date is extension 
of the postulate to insects by Wilson (’39) and to amphibia by Toman 
(739). 

SUMMARY AND CONCLUSION 

Eleven sets of experiments in which over nine thousand cells were 
cultured from three species of blue-green algae gave without exception 
a greater increase in cell number in the sulfhydryl-containing than in 
the control media. The species were Chroococcus, Anabaena, and 
Phormidium. Thrice-distilled parathiocresol provided the sulfhydryl. 
Bristol’s solution was the culture medium base. 

Since these cells are non-nucleated it is concluded that the stimulating 
influence of sulfhydryl on cell multiplication is not confined to any 
structure or process specific to division of a formed nucleus, but is re- 
lated to some process of more basic and universal concern to 
proliferation. 
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Many studies on the structure and on the function of the endocrine 
glands have been published in the last few years. Many of these have 
dealt with the interrelationship of two or more of the glands, or the 
effect of reducing or increasing the amount of secretion of one of these 
glands upon the body or upon one or more of the glands. No attempt 
will be made to review all of these papers. There are, however, but few 
published statistical studies on the weights of the endocrine glands in 
man or in laboratory animals and :o far as is known, none on the 
weights of these glands in the cat. 

The prenatal growth of these glands in the cat has already been re- 
ported and this paper will attempt to present the data on their weights 
in the adult cat. The usual statistical data (averages and coefficients 
of variation) will be given and, in addition, empirical formulae which 
better determine the weights of each of these glands for the various 
body weights. Next, correlations with body weight and body length 
and the intercorrelations of the glands will be presented and lastly the 
changes in the relative weights at the beginning and at the end of the 
fetal period and in the adult male and female cats will be given. 

MATERIALS AND METHODS 

For this study 104 adult cats, equally divided as to sex, were used. 
These cats were apparently healthy and they were mature as shown by 
the obliteration of all epiphyseal lines in the long bones. The endocrine 
_ glands were carefully removed as free of fat and fascia as possible and 
2ll vessels and ducts were cut close to the glands. The stalk of the 


hypophysis was cut as close to the dorsal surface of the gland as pos- 
sible, but the removal of the dura was not attempted. The glands were 
removed, together with the other organs, and kept in a moist chamber 
until weighed in glass stoppered weighing bottles on a chemical balance 


sensitive to 0.1 milligram. The weights were recorded to the closest 
milligram. Further details of the material and methods have been giv- 
en in an earlier paper (Latimer, 26) and need not be repeated here. 
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All of these glands from the adult cats were weighed in the fresh con- 
dition. The data used in the preparation of table 3 showing the relative 
changes, include the weights of the adult glands (table 1) and the 
calculated weights of the glands of the fetal cats (Latimer, ’39b). The 
glands of the fetal cats were weighed after the preservation of the 
fetuses in formalin, but in all other respects the material had similar 
treatment and all of the dissections and weighings were made by the 
same person. 

The statistical formulae are those used in the earlier papers on the 
quantative anatomy of the cat and are taken from the paper by Dunn 
(’29). The empirical formulae for the curves (regression lines) were 
developed as was done for the formulae for the growth of the fetal cats 
(Latimer, ’33). All of the statistical work was checked and all figures 
were carried to one or more decimal places farther than given in the 
tables. 


I wish to express my most hearty thanks to Miss Edna Mae 
McConnell for her careful work in assisting with the routine statistical 


calculations. 


WEIGHTS OF THE GLANDS 
The average weights and the coefficients of variation and their prob- 
able errors for the male and for the female glands are given in panel 
A of table 1. The averages and the coefficients of variation and their 
probable errors for the weights of these glands expressed as percentages 
of the body weight are given in panel B of table 1. The last column of 
this table gives the significant ratios, or the difference between the 


TABLE I 
AVERAGE WEIGHTS AND PERCENTAGE WEIGHTS, COEFFICIENTS OF VARIATION AND THE 
SIGNIFICANT RATIOS OF THE ENDOCRINE GLANDS IN THE ADULT CAT 


§2 male cats 52 female cats 


Coefficient of Coefficient of Difference 


Average weight variation Average weight variation P. E. of diff. 
A. Weights of the organs in grams 


Hypophysis 0.036 0.0006 18.66+ 1.30 0.033 =0.0006 19.60 1.37 
Thyroid 0.235 +0.0066 30.01 + 2.16 0.218+ 0.0053 25.59+ 1.83 
Suprarenals 0.389+0.0111 30.18 2.20 0.359 0.0100 29.62 + 2.12 


B. Percentages of the body weight 


Hypophysis 0.00136 + 0.000033 25.59 1.83 0.00138 = 0.000027 20.95 + 1.47 
Thyroid 0.0084 +0.00015 19.01 + 1.30 0.0092 +=0.00022 26.00 = 1.83 
Suprarenals 0.014 +0.00037 28.08 = 2.00 0.015 +0.00033 24.00+ 1.68 
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2verage weights of the male and the female glands divided by the 
probable error of this difference. All of these glands are absolutely 
heavier in the males but the male hypophysis alone is significantly 
heavier. Landauer and Aberle (’35) find the hypophysis of the Friz- 
zle fowl heavier in the male but in a very complete quantative study of 
the human hypophysis, Rasmussen ('34) finds the gland significantly 
heavier in women. The average percentages are all greater in the fe- 
males but none of these are significantly greater and some are but very 
slightly larger. 


The hypophysis is the least variable of the three glands in absolute 
weight. It is more variable in absolute weight in the female than in 
the male cats. The hypophysis has been found to be more variable in 
women than in men by Rasmussen (34) and in the female albino rat 
by Hammett (’25). The average of the coefficients of variation of all 
three glands: is 5.37 per cent greater in the males than in the females 
and likewise the coefficients of variation of the percentage weights also 
are 2.45 percent greater in the male cats. This greater variability in the 
males is similar to that found for the external measurements of the cat 
(Latimer, ’36), the weights of the liver and pancreas (Latimer, ’37), 
for the weights of the brain, spinal cord and eyeballs (Latimer, ’38) 
and for most of the organs of the guinea pig (Eaton, ’38). The ab- 
solute weight of the thyroid in both the males and the females is inter- 
mediate in the variability of these three glands in the cat. Its 
percentage weight in the females however is the most variable, and the 
least variable in percentage weight in the male cats. Gudernatsch (’33) 
states that the human thyroid is liable to vary a great deal and that it is 
larger and more variable in women than in men. Eaton (’38) finds 
the thyroid larger in the female guinea pig. In the cat, as shown in 
table 1, the gland is absolutely heavier and is more variable in the male 
cats but it forms a larger percentage of the body weight in the female 
cats. All of these cats came from this immediate region and since this 


is a nonendemic goiterous section, this may account for this lack of 
variability. The variability of the weights in grams and the percentage 
weights of all of these glands are more alike than might be expected. 
In the males the average of the coefficients of variability is 8.46 per cent 
greater for the absolute weights and for the females the difference is 
5.45 per cent. 
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To compare the weights of these cat glands with the glands of man, 
of the rat and of the chicken, all of the weights have been reduced to 
percentages of the body weight and where there is a sex difference, only 
male glands are compared. The data for the human glands are those 
given by Gudernatsch (’33), the weights of the albino rat glands are 
taken from data of Hammett (’25) and of Jackson (13). The weights 
of the chicken glands are those of the adult chickens of the series re- 
ported by Latimer (’24). The rat hypophysis is relatively heaviest 
(0.0082% ) followed by the cat hypophysis and then the human, with 
the chicken hypophysis slightly lighter than the hypophysis of man. 
The human and chicken hypophyses are approximately ten per cent 
lighter in relative weight than the rat hypophysis. The thyroid is rela- 
tively heaviest in man, followed closely by the rat, according to Jack- 
son’s figures, with the chicken third. The percentages from Hammett’s 
figures for the rat thyroid and the chicken thyroid are very similar or 
0.0112 and 0.017 per cent respectively. The cat thyroid is the lightest 
in relative weight. The percentages of the suprarenals are very much 
alike in all four forms. The human and the rat suprarenals are pos- 
sibly slightly larger, followed by the suprarenals of the cat with the 
chicken suprarenals the lightest, but there is little difference, or the 
relative size of the suprarenals is rather constant in this series of 
animals. 


In general, these three endocrine glands are heaviest in the male cats 
but form slightly larger percentages of the body weight in the females. 
They are, on the average, more variable in both absolute and in per- 
centage weight in the males. There is but little difference between 
the variability of the weights in grams and the percentage weights. 
The thyroid is about as variable as the other glands, due likely to the 
fact that all of these cats were from this immediate vicinity. The 
suprarenals of the cat are surprisingly like the suprarenals of other 
animal forms, including man, in their percentage of the body weight. 


The average weights of these glands are shown in table 1 but there 
is a rather wide range (not shown) in both the body weight and the 
gland weights and the averages do not show these of course. To provide 
a more accurate method of determining the gland weight, especially in 
cats above or below the average body weight, and for whom the average 
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gland weight would obviously be incorrect, empirical formulae have 
been developed for the computation of the weight of these glands. 

The formulae for the weights of these glands on body weight are as 
follows: 

Male hypophysis from 1500 to 4600 grams of body weight, 

Y = 0.0026X + 29.1; 
Female hypophysis from 1500 to 4000 grams of body weight, 
Y = 0.0052X + 20.5; 

Male thyroid from 1500 to 3300 grams of body weight, 

Y = 0.000054X + 0.072, and from 3300 to 4600 grams of body 
weight, 
Y = 0.000125X — 0.1623; 

Female thyroid from 1500 to 2900 grams of body weight, 

Y = 0.00006X + 0.073 and from 2900 grams of body weight on 
the glands average 0.247 grams; 

Male suprarenals from 1500 to 4600 grams of body weight, 

Y = 0.00011X + 0.075; 

Female suprarenals from 1500 to 3500 grams of body weight, 

Y = log(0.001X ) — 0.00003X + 0.06. 
In the two formulae for the male and female hypophysis, Y represents 
the weight of the gland in milligrams and for the thyroid and supra- 
renals in both sexes, Y represents the weight of the glands in grams 
In all of the formulae X represents the body weight in grams. 
The average percentage deviation of the calculated from the observed 
averages for each 500 grams increase in body weight was determined as 
was done for the fetal cats and these average percentage deviations are 
as follows: male hypophysis, 4.02; female hypophysis, 0.89; male thy- 
roid, 1.65; female thyroid, 1.33; male suprarenals, 3.59 and female 
suprarenals, 4.23 per cent. 

The percentage weights of each gland were likewise plotted on body 
weight and the averages for each 500 grams increase in body weight 
were found and smoothed curves were drawn through these to get some 
idea of the changes in the percentage weights of the glands for the 
various body weights as was done for the absolute weights. The per- 
centages of the male and female hypophyses were drawn separately but 
there is very little difference in the two curves, both are rectilinear and 
decrease with increase in body weight. They begin at about 0.0017 and 
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cecrease to a little over 0.0007 per cent at 4600 grams of body weight 
or 0.0009 per cent at 4000 grams of body weight for the females. The 
thyroid percentage curve for the female is a straight line decreasing 
from a little over 0.01 per cent at 1500 grams to a little less than 0.007 
per cent at 4000 grams of body weight. The male thyroid curve starts 
at about the same level as the female or 0.01 per cent and decreases to 
about 0.007 at 3300 grams of body weight and then there is a very 
slight increase to a little less than 0.01 per cent in the largest male cats. 
The percentages of the male suprarenals form a straight line decreasing 
from 0.016 at 1500 to 0.0125 per cent at 4600 grams of body weight. 
The percentage curve for the female suprarenals however rises from 
0.0125 at 1500 grams of body weight to 0.016 per cent at 2300 grams of 
body weight and then decreases to about 0.011 per cent at 4000 grams 
of body weight. In other words the percentage weights of the hypo- 
physis in both sexes, the thyroid in the females and the suprarenals in 
the male cats are rectilinear curves and decrease slightly with increase 
in body weight, while the thyroid seems to have a slightly smaller per- 
centage weight in the male cats of middle size and the largest and the 
smallest cats have about the same relative sized thyroids. The supra- 
renals of the female cats do just the reverse, or they are about the same 
relative size in the smallest and largest cats with a slightly larger rela- 
tive weight in the cats about 2300 grams of body weight. The maxi- 
mum percentage in the female suprarenals comes a little nearer the 
beginning of the curve while the minimum of the male thyroids comes 
slightly nearer the upper range in body weight of the cats. 


CORRELATIONS 


The correlations of these three glands with body weight and with 
body length are given in the first two sections of table 2 for the males 
and for the females. Then the last three sections of this table give the 
intercorrelations of the three endocrine glands and also correlations 
with the gonads and uterus whose weights are given in an earlier paper 
(Latimer, 39a). All of these correlations are positive but many are so 
low that they are not significant. Of the twelve correlations of the male 
glands only five are above 0.6 per cent and in the females there are but 
two of the fifteen correlations above 0.6 per cent. The lowest correla- 
tions are found in the males, or five correlations between 0.1 and 0.2 per 
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cent and all of these are correlations with the hypophysis. The average 
of the twelve correlations in the males is +0.425 and for the females, 
+0.563. These endocrine glands resemble the parts of the nervous 
system of the cat (Latimer, ’38) in the better average correlations in the 
female cats. 

Hammett ('25) finds equally low correlations between these glands 
in the albino rat. He finds that in the rat the correlations between body 
weight and the gland weights tend to be lower in the females except for 
the suprarenals. With one exception (body weight and suprarenai 
weight) the suprarenals and the hypophysis have better correlations in 
the female cats. 


TABLE II 
COKRELATIONS IN THE ADULT CAT 


Males Females 
Body weight and, Hypophysis +0.189+0.091 +0.434+0.077 
Thyroid +0.780+ 0.037 +0.419+0.078 
Suprarenals +0.635+0.056 +0.561 + 0.064 
Body length and, Hypophysis +0.165+0.092 +0.465 = 0.074 
Thyroid +0.645 +0.055 +0.298 = 0.087 
Suprarenals +0.526+ 0.068 +0.647 = 0.055 
Hypophysis and, Thyroid +0.160+0.092 +0.225+0.090 
Suprarenals +0.124+0.093 +0.508 + 0.070 
Gonads +0.128* 0.093 +().293 = 0.087 
Uterus - +0.539+0.071 
Thyroid and, Suprarenals +0.463 0.075 +().332+0.084 
Gonads +0.641 0.055 +(0.281 + 0.088 
Uterus - +0.240 + 0.094 
Suprarenals and, Gonads +0.642+0.055 +0.712+0.047 


Uterus - - +0.599+ 0.063 


We hear so much these days of the hvpophysis as the ‘master gland’ 
that the correlations between it and the other glands, especially in the 
male, seem surprisingly low. Does this mean that the weight of the en- 
tire gland is not a good criterion of its functional importance, or is it 
due to its various functional interrelationships making a quantative 
relationship with one gland impossible? At any rate in the male cat, 
the weight of the hypophysis is not significantly correlated with the 
weight of the thyroid, the suprarenals or the testes, and in the female 
only the suprarenals and the uterus have correlations above 0.5 per cent. 

To summarize, all of these correlations are positive but many are too 
low to be significant. The average of the correlations is slightly higher 
in the female cats. There is more variation in the correlations in the 
male, or there are more good correlations and also more very low corre- 
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lations in the male than in the female cats. The weight of the hypo- 
physis, especially in the male cats, is not well correlated with the body 
weight, body length or the weights of the other endocrine glands. 


CHANGES IN THE RELATIVE WEIGHTS 

The weights of these glands are shown in table 3, first as percentages 
of the body weight, then in proportion to the body length and in the 
last division as ratios of the glands to each other. The data used in 
computing the values at the beginning and at the end of the fetal period 
were obtained from the formulae given in the earlier paper on the 
growth of these glands in the fetal period (Latimer, ’39b), the data for 
the adult cats from table 1 and the body weights and body lengths 
from the paper on the adult cats (Latimer, 36). The data on the re- 


TABLE III 
CHANGES IN THE RELATIVE PROPORTIONS 


| 
| 


Adult 


Early Late 
fetus Male | Female 


fetus 
Percentage of body weight: | | 
Hypophysis 0.077 | 0.0047 | 0.00128 0.00135 
Thyroid 0.074 0.024 | 0.0083 0.0089 
Thymus | 0.082 0.477 — _ 
Suprarenals 0.155 | 0.021 6.014 0.015 


Milligrams per millimeter of body length: 
Hypophysis 0.018 0.033 | 0.069 0.065 
Thyroid 0.015 a) 0.197 0.451 0.428 
Thymus : 0.015 a) | 3.264 = — 
Suprarenals 0.025 a) 0.121 0.746 0.705 


Ratios: 
Thyroid 0.97 


Hypophysis 
Thymus 101.50 
Hypophysis 
Suprarenals 
Hypophysis 
Testes 
Hypophysis 
Ovaries 
Hypophysis 
Uterus 
Hypophysis 
Thymus 
Thyroid 
Suprarenals 
Thyroid 
Thymus 


Suprarenals 


a) Observed weights used in these cases as the formulae did not fit the earliest fetuses. 


b) At ten grams of body weight. 
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productive organs have been reported previously (Latimer, 39a) but 
the ratios with these organs are given in this table. The nature of the 
changes in weight of these glands from early to late fetus has been 
shown in the earlier paper, but so far as is known the characteristics of 
the changes between birth and maturity have never been described for 
the cat, and so only the weights at the end of the fetal period and in the 
adults are available. 

The hypophysis, the thyroid and the suprarenals all decrease in per- 
centage of the body weight in both the fetal and in the postnatal 
periods. The thymus alone increases in percentage of body weight dur- 
ing the fetal period. When the weight per unit of body length, or 
nose-anus length, is considered, all of the glands increase in both 
periods. The hypophysis increases the least in both the fetal and in the 
postnatal periods, the thymus increases the most in the fetal period and 
the suprarenals most in the postnatal period. 

The first six of the ratios of the glands give the relative weights of 
the thyroid, the thymus, the suprarenals, the testes, the ovaries and the 
uterus to the hypophysis. All of these ratios increase in both periods, 
or the hypophyseal growth, both prenatal and postnatal, is less than that 
of each of the other glands. As is to be expected, the growth of the 
thymus exceeds that of the thyroid and the suprarenals in the fetal 
period. The growth of the suprarenals and the thyroid are more near- 
ly alike than any other two of these glands, with the suprarenals a little 
less than twice as heavy as the thyroid at the beginning of the fetal 
period, then a little lighter at the end of the period and again in the 
adult cats the suprarenals return to almost the initial ratio, or a little 
over once and a half as heavy as the thyroid. 


In general, the hypophysis increases the least when compared to body 
weight, body length or to the other endocrine glands in both the pre- 
natal and in the postnatal periods. The thymus increases the most of 
any of the glands during the prenatal period and the suprarenals the 
most during the postnatal period. 


SUMMARY 
Tables are given showing the weights in grams of both male and fe- 
male glands and also the percentage weights. The significant ratios 
for the absolute weights and for the percentage weights are given. 





aa HOMER B. LATIMER 


Empirical formulae are given whereby the weights of the three glands 
may be computed from the body weight, thus more closely approximat- 
ing the true weight of the gland especially in large and small cats for 
whom the average gland weight would naturally be incorrect. 

The hypophysis is the smallest of the three glands. It is the only one 
whose absolute weight is significantly greater in the male. It is the 
least variable in absolute weight in both sexes and the least variable in 
percentage weight in the female. In the male, its correlations with body 
weight, body length and with the other endocrine glands are all positive 
but none of them are significant. In the female they are a little higher 
but only two of the six correlations are over 0.5 per cent and these are 
with the the suprarenals and the uterus, which is the highest. The 
ratios of the weight of the hypophysis relative to body weight, body 
length and to the weights of the other endocrine glands show that it 
increases less than any of the other glands in both the prenatal and also 
in the postnatal periods. 

The thyroid gland is intermediate in weight and in the variability 
of its weight in grams. Its percentage weight is the most constant of 
the three glands in the male but the most variable in the female. There 
is no significant sex difference in either absolute or percentage weight. 
Its weight is well correlated with both body weight and body length in 
the male but unlike the hypophysis, its correlations in the female are 
not as good and are not significant. It is well correlated with the testes 
but the correlations with the female suprarenals, the ovaries and the 
uterus are low. Its growth in both periods is intermediate between the 
hvpophysis and the suprarenals. 

The suprarenals are the heaviest of the three glands and the most 
variable in all but their percentage weights in the females. There is 
no significant difference in their absolute or percentage weights. The 
correlations of the suprarenals and body weight and body length and 
the other glands are significant except for the correlations with the 
male hypophysis and the thyroid in both sexes. The suprarenals are 
second only to the thymus in its prenatal growth and they increase more 
than any of the other glands in the postnatal period, with reference to 
body weight and body length. The suprarenals and the thyroid are 
more nearly alike throughout the entire growth span than any other 


two glands. 
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